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List of abbreviations 
 
Abbreviation Name 
ADC Analog Digital Converter 
AFM Atomic Force Microscope 
DAC Digital Analog Converter 
EQMB Electrochemical Quartz Micro Balance  
FTIR Fourier Transform Infra Red  
KPG Kern Präzise gezogenens Glas 
PVD Physical Vapour Deposition 
PZC Point (Potential) of Zero Charge 
RAS Reflection Adsorption Spectroscopy 
SEIRA Surface Enchanced Infra Red Adsorption 
SFM Scanning Force Microscope 
S-layer Surface layer 
SPM Scanning Probe Microscope 
STM Scanning Tunneling Microscope 
SWCP Secondary Cell Wall Protein 
XPS X-ray Photon Spectroscopy 
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Chapter Physical quantity Symbol Dimension
    
2.2 Youngs modulus µ g·cm-1·s-2 
  Resonant frequency f0 MHz 
    
2.3.1 Absorptivity ε 
l·cm-1·mol-
1 
  Wavenumber ν cm-1 
    
2.3.3 Index of refraction n - 
 Angle θ ° 
  Optical path lengh d cm 
    
3.1 Electrode diameter de mm 
 Crystal diameter dq mm 
 Electrode area A cm2 
 Density ρ g·cm-3 
 Youngs modulus µ g·cm-1·s-2 
 Resonant frequency f0 MHz 
 Current density j uA·cm-2 
 Charge density q uC·cm-2 
 Mass change Δm ng 
  Potential U V 
    
3.2 Absorbance A a.u. 
  Potential U V 
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Chapter Physical quantity Symbol Dimension 
    
1.6.1 Potential energy function V J 
 Force (spring) constant k N 
 Length x m 
 Equilibrium lengh x0 m 
 Angular momentum Δl - 
 Width parameter a m-1 
 Energy Minimum (Depth) De J 
 Degrees of Freedom DF - 
  Number of chemical bonds N - 
    
1.6.2 Single beam spectrum I - 
 
Single beam reference 
spectrum I0 - 
 Transmission spectrum T - 
 Absorbance spectrum A - 
 Absorptivity ε l·cm-1·mol-1 
 Concentration c mol·l-1 
 Optical path lengh d cm 
  Wavenumber ν cm-1 
    
1.6.3 Mirror position Δx m 
 Intensity (Interferogram) I - 
 Intensity (Spectrum) S - 
 wavenumber ν cm-1 
 Mirror position δ cm-1 
 Wavelengh λ nm 
  Spectral resolution Δν cm-1 
    
1.7 Force (spring) constant k N·m-1 
 distance Δx m 
  Force F N 
    
2.2 Electrode diameter de mm 
 Crystal diameter dq mm 
 Electrode area A cm2 
 Density ρ g·cm-3 
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Chapter Physical quantity Symbol Dimension 
    
1.44 time t s 
 Current I A 
 Voltage U V 
 Characteristic time τ s-1 
 Charge Q C 
 Mass m g 
 Charge number z - 
 Farady constant F 96485 C·mol-1 
   
 Molecular Mass M g·mol-1 
 Resistance R Ω 
 Capacitor Constant C F 
 bulk concentration C0* mol·l-1 
 Diffusion Coefficient D0 m2·s-1 
 Surface concentration cs mol·l-1 
  Thickness of the nernst layer δN Å 
    
1.5 Acoustic wave velocity vtr m·s-1 
 Thickness of the QCM tq m 
 Youngs modulus (Quartz) μq g·cm-1·s-2 
 Density (Quartz) ρq g·cm-3 
 Resonant frequency f0 s-1 
 Frequency change Δf s-1 
 Thickness change Δtq m 
 Area A m2 
 Mass change Δm ng 
 Mass signal (rigid layer) ΔmL ng 
 Density (rigid layer) ρL ng·cm-3 
  Depth of cavities d cm 
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List of physical quantities 
 
Chapter Physical quantity Symbol Dimension 
    
1.2 Resolvable lengh d nm 
 Wavelengh λ nm 
 Index of refraction n - 
 Angle α ° 
1.4.2 Charge density (solution) σS C·m-2 
 Charge density (helmholtz layer) σi C·m-2 
 Charge density (diffuse layer) σD C·m-2 
 Charge density (metal) σM C·m-2 
    
1.43 Mass flux N mol·s-1·m-2 
 Diffusion Coefficient D m2·s-1 
 Concentration c mol·l-1 
 Charge number z - 
 Ionic velocity u m·s-1 
 Farady constant F 96485 C·mol-1 
 Electrical Field U V 
 bulk velocity v m·s-1 
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Fig. 61: Optical FTIR-RAS setup 
 
 
Fig. 62: Adjustment Setup fort he ZnSe window
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Fig. 59: Experimental setup for in situ FTIR. Left: Vertex 70.10. Right: External box with 
assembled optics 
 
 
Fig. 60: Electronics for in situ FTIR experiments. Left bottom ESP 300 controller. Above 
ADC/DAC PAD. Right Potentiostat (Jaisle IMP83) 
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Fig. 57: Thrust bearing. Top: Partly of PEEK for the electrical micrometer. Bottom for the manual 
micrometer 
 
 
Fig. 58: In situ FTIR cells 
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Fig. 55: In-situ EQMB cell  
 
 
Fig. 56: Top: Holder for PVD produced electrodes. Bottom: Polycrystalline gold electrode with 
thrust bearing and manual micrometer for in situ FTIR-RAS experiments 
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Fig. 52: In situ AFM measurement cell, sealable with  
a membrane. 
 
 
Fig. 53: In situ AFM measurement cell at air 
 
 
Fig. 54: Custom-made mercury sulfate reference electrode (MSE) 
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Appendix B: Photographs of custom-made Devices 
 
 
Fig. 50: Working electrodes for AFM experiments  
produced by PVD and template stripping technique. 
 
 
Fig. 51: Cantilever holder for experiments in aqueous solutions.  
The spring was electrochemically coated with gold. 
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Additionally, commands can be directly typed into Command and are sent by 
the Send button. No Axis is a necessary variable that defines which axis is 
operated. 
 
 
Fig. 49: Micropositioner control  
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Fig. 47: Frontpanel 
 
After this settings have been performed the electrode position can simply be 
changed between this two distances by the buttons Fahre ans Fenster (go to 
Zero) and Fahre auf gespeicherte Position (go to defined position).  
 
Fig. 48: Signal production (Voltage) 
 
The standard setting for the instrument are already defined as constants, but can 
be manually changed by: 
Visa Ressourcen-Name (Name of the interface) 
Baudrate 
Ablaufsteuerung (serial communication control) 
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Micrometer and simple potential control 
(Um and Potential.vi) 
 
This program was developed to control the motorized micrometer and to set 
optionally the potential on the working electrode stepwise, by Labview. The 
control of the potential is obtained in a similar but simpler way as already 
described for the in situ Program. In case of the motorized micrometer a variety of 
ASCII, commands were predefined by the factory (Newport) and had to be 
transmitted to the controller (ESP 300) by a serial RS232 port. 
 
The front panel 
 
The front panel exhibits two different parts. On the right the physical channels, 
which applies the output channel voltage to the potentiostat, can be chosen. The 
option Spannung invertieren? changes the sign of the applied potential, which is 
chosen by Einzustellendes Potential/ V. Finally, the potential is applied by the 
button vorgeben Potential/ V. 
The left side of the panel habits the standard commands that are used in the 
experiments. Schraube aus turns the voltage on the micrometer of and Schraube 
An turns it on. If the voltage is on the capacitance, sensors are also on and correct 
the position automatically. The micrometer is moved directly with the ESP 300 
controller to its position at the window and is then defined by Definiere am 
Fenster. In this moment, the actual position is defined as Zero. The numerical 
selector Distanz Weg vom Fenster defines the reference position of the 
micrometer, at which an IR spectrum is measured, that exhibits only the IR 
information of the inner window side (“ghost bands.”). When this distance is 
saved with Position Speichern.  
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The obtained data is stored in one file that is chosen in the File Name box on 
the front panel. In the in situ mode, the file structure is interrupted by each 
potential stop introducing a new set of data of the same structure with the header 
“Teilabschnitt n.nV” respectively. This file is a tab stopped text file, importable to 
excel. 
 
Fig. 46: Data storage 
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Execution and data storage 
 
The Array(s) calculated by FG (or in situ FG) are transferred to the operational 
loop, where settings for the hard ware are fixed. The DAQpad 6015 has two 
different clocks for AI (max: 200 kS) and AO (max. 50 S) and is therefore not 
sychronizable. However, the clocks can be started at the same time, to operate 
“quasi-synchron”. For this case, the input is started and used to trigger the output 
of data. The output is using timing data of the waveform that was used to calculate 
the Sample Info and is applying the triangular wave function (vide supra). At the 
same time AI is collecting data with its own sampling rate, that should be higher 
than the AO rate, in a For loop as single points, the data of each AI loop is 
averaged. This data is displayed in the Online Graph and, saved to the file. 
 
 
Fig. 45: Signal production and Acquisition 
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The specific calculation is chosen by the selector of the scan direction. 
 
Stopped potential measurement 
 
 
Fig. 44: Quasi-synchronisation setup 
 
When stopped potentials are needed the Sub vi In situ FG.vi is started, it works 
on the same base as FG.vi with the same formulas, but has a sorting routine to get 
an order to the stopping potential if they are chosen in a random way. After the 
sorting, the single sweeps are calculated written to an array of this sweeps. 
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min)max(2 UU
vF −=  
 
For the Phase and the Sampling Info, two different cases have to be 
considered. For anodic polarization direction (in the initial scan from U0 to 
Umax): 
 
max
090
UO
UOPA −
−=  
 
and 
 
0maxmin)max(2 UUUUCS A −+−=  
 
In the case of cathodic scan direction (initial scan from U0 to Umin), the PC 
and SC are calculated via: 
 
 
180
max
090 −−
−=
UO
UOPC  
 
and 
 
min0min)max(2 UUUUCSC −+−=  
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These values have to be connected to the electrochemical inputs: 
 
Positive reverse Potential Umax 
Negative reverse Potential Umin 
Starting Potential U0 
Scan rate v 
Number of cycles C 
 
Moreover, have to be discriminated for the two different cases of the scan 
direction A (anodic) and C (Cathodic). 
 
Fig. 43: Graphical representation of the variable transformation 
These parameters are converted to waveform values by: 
 
2
minmax UUA −=  
 
AUO −= max  
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The Second loop is a While loop, that is running until all points are measured, 
or until the stop measurement button is pressed. In the Calculation step that 
follows the Input Loop, after Do it is pressed two different subprograms are used, 
depending on the mode of operation. For standard cyclic voltammetric 
measurements, the subvi FG is automatically selected. 
 
Fig. 42: Variable transformation 
 
This subvi uses the standard vi triangle Waveform that uses the inputs: 
 
Amplitude A 
Phase P  
Frequency F 
Offset O 
Sampling Info S 
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Umax > Umin 
Umin ≤ U0 
Umax ≥ U0 
V > 0 
Umax and Umin ≤ AO/AI maximal voltage range 
AO is an allowed physical channel 
 
If all conditions are true, the triangular function is calculated and a window is 
popping up reminding the user to control the inputs and the shape of the function 
in the “Calculated” graph, before clicking Ok for the operation or  
 
Program design 
 
The program consists of two operation loops and several sub programs. The 
first operation loop contains all available input parameters and the choice of CV 
mode. 
 
 
Fig. 41: Program design 
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Fig. 40: Frontpanel; Advanced settings 
 
On top of the operation panel are two displays implemented. The right one 
“Calculated” shows the potential-time dependency of the applied signal, the 
desired triangular voltage, calculated from the values selected in “CV standard 
setting” and with the digitalisation resolution of AO sampling rate. The 
information is displayed when the button Do it is pressed, in order to control the 
settings. The Online graph is showing the response function, i. e., the cyclic 
voltammograme. 
 
Input error 
 
The led Input Error is coupled to the subprogram Error Console, which is 
program interlock, and inhibits the Do it operation. It is connected with the leds in 
the CV standard settings and advanced settings and blocks if any of these leds is 
red. The subprogram compares if the input values are useful and is true if: 
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the First cycle is inactive. The numerical indicator Stopping with potential 
shows the first potential that is selected. For the choice of the stopping potentials, 
two columns are used with cathodic and anodic stop potentials, in order to select 
the potentials for both scanning directions.  
 
 
Fig. 39: Frontpanel; Stopped potential settings 
 
The last tab of the input box is for Advanced Settings concerning the 
ADC/DAC and potentiostat. Here, the sampling rates can be changed for the 
applied signal AO and the recorded signal AI by numerical selectors. The 
algebraic sign for the analogue in- and outputs can be inverted, if necessary. The 
maximal voltage range can be adjusted, which is necessary to ensure the best 
resolution for the digitalization from analogue to digital data. Further, the 
channels for the in and output can be changed, and their configurations that must 
be conform to the settings on the physical instrument.  
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experiment, calculated from the parameters, and the actual potential measured by 
the analogue output. The Sensitivity knob is used in order to adjust the sensitivity 
to the one selected manually on the potentiostat. A numerical selector set 
potential is used to select a potential that is applied by the respective button. In 
this way a potential step is instantaneously performed, that can be used as a 
starting potential. 
 
 
 
Fig. 38: Frontpanel; OCP Settings 
 
The OCP settings contain a button to select the OCP as starting potential and a 
second to measure it immediately. In both cases, a dialog box is popping up and 
asks for the measurement time (displayed in Time). The data of is averaged and 
the result is displayed in the OCP indicator. The led is blinking during the 
measurement. The stopped potential settings tab exhibits three different buttons. 
The first, in situ, is a selector to apply the stop potentials, the First segment 
button is activated if one wishes to stop the potential also in the first segment and 
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The front panel 
 
 
Fig. 37: Frontpanel; CV standard settings 
 
The control box consists of a stop button to abort the measurement, a Cancel 
button, to stop the input and a Do it button to calculate the triangular potential 
ramp for the experiment. A box file name, that is used to define the name and 
location of the result file and a led that announces input errors are situated also on 
this panel. 
The send button is blocked if the led is red. The input box consists of four 
different tabs. 
In the CV standard settings the reverse potentials Umin and Umax (the 
cathodic and the anodic reverse potential) the starting potential U0, the scan rate v 
and the number of cycles can be set. Additionally it is possible to choose the 
scanning direction. Numerical indicators are presenting the total length of the 
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Appendix A: Developed programs 
 
Control program and instrumental details 
of the in situ FTIR setup 
(In situ for Jaisle Imp83.vi) 
 
The Instrument was controlled by a custom-made Labview Program, allowing 
Cyclic Voltammetric experiments with defined potential stops and potential step 
experiments via a potentiostat Jaisle IMP-83.  
 
The control program for the electrochemical experiment was developed in 
Labview. The front panel consists of four parts. 
Fig. 2: Experimental setup 
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In the absence of Ca2+-linker ions, negative of the pzc the carboxylate protein 
functions are displaced from the Helmholtz layer by cations, and the S-layer 
disintegrates irreversibly into multilayer islands. Then, the inorganic cations and 
anions solely support the electrochemical double layer charging. 
S-layers interlinked laterally with Ca2+ ions positive of the pzc result in the 
formation of a crystalline layer participating in the Helmholtz layer. In contrast to 
the S-layer in absence of the Ca2+-linkers, this layer remains structurally intact 
also in the negative polarization domain where the Helmholtz layer is solely 
sustained by solvated perchlorate anions and solvated Na+ and Ca2+ cations 
without participation of the protein carboxylate functions. 
Proteins can only form monolayers, i.e., S-layers, when solvated anions such as 
OH-aq and ClO4-aq are only non-specifically adsorbed in the outer Helmholtz 
plane. First electrochemical in situ scanning probe micrographs in this potential 
domain prove the rapid formation of a crystalline monolayer, e.g., within 60 min. 
Positive of ca. -0.2 V ClO4- starts adsorbing specifically. In the region positive of 
ca. +0.2 V, gold is completely covered by specifically bonded ClO4-, so that 
protein molecules cannot replace it. In the intermediate region between -0.2 V and 
+0.2 V, still partial non-specific adsorption of ClO4- occurs apart from some 
specific adsorption. Only on the surface of non-specifically bonded regions the 
protein replacement can take place represented by a low mass increase (e.g., 
+0.1 V). In this potential region however, electrochemical oxidation and 
denaturisation leads to slow chaotic deposition up to multilayer coverages. 
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Beyond a borate concentration of ca. 0.025 M, the borate coverage levels off 
due to chemisorption saturation and specific adsorption of a monolayer or less of 
polyborate such as B4O5(OH)42− which exhibits a higher volume than the 
monomer B(OH)4−. Beyond the maximum polyborate adsorption around −0.14 V, 
the borate polyions decompose into a 2D hydroxide/oxide layer (OH−ad) and 
B(OH)3 which desorbs. There is strong evidence that specific polyborate 
adsorption may accelerate the dissolution of Au in analogy to halogenides. The 
mass trace rise due to polyborate adsorption during the cathodic reversal scan 
indicates that the 2D hydroxide/oxide layer (OH−ad) adds B(OH)3 from the 
electrolyte bulk forming specifically adsorbed B4O5(OH)42−ad. 
 
Borate, much more than perchlorate, exhibits exceptional surface activity 
enhancing oxygen place exchange into the gold bulk, a higher extent of 
2D/3D oxide formation, and thus prevents stable bonding conditions for the 
protein molecules.  
Special attention was paid to the influence of Ca2+ ions in the electrolyte 
solution. When the positively charged double layer was in contact with the Ca2+ 
buffer solution and a non-premixed protein monomer solution was added, a 
monolayer was formed in 200 s. 
Negative of the pzc, a bilayer of proteins is formed. The first layer flips sides 
binding with the hydrophobic face to the negatively charged metal. The counter 
charge is represented by Na+ ions. The second protein layer binds with its 
hydrophilic outer face via Ca2+ bridges to the first layer exposing the same 
hydrophilic face and turning its hydrophobic side towards the aqueous electrolyte. 
A reproducible increase of the Cl-O IR-stretch vibration absorbance at positive 
potential excursions is counteracted by a decrease of the water signals. S-layer 
protein FTIR signals prove adsorption positive of the pzc by displacing 
perchlorate anions in the outer Helmholtz plane without and with Ca2+-linker ions 
present. 
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4 Summary  
 
Bacterial cell surface layers, so-called S-layers, derived from the outmost 
membranes on certain archea and gram positive bacteria, represent an attractive 
model to study the electrochemical behaviour of proteins on inorganic electrode 
materials and provide interesting applicative perspectives in biotechnology. The 
kinetics and mechanism of the adsorption of the surface layer proteins of 
Lysinibacillus sphaericus CCM2177 depend on the charging conditions of the 
electrochemical double layer. In situ FTIR together with in situ EQMB and in situ 
SFM investigations served to elucidate the protein adsorption stability and 
kinetics. 
Buffer electrolytes such as borate-containing perchlorate solutions are needed 
to stabilize the protein functions. Therefore, systematic in situ electrochemical 
investigations on the electrochemical behaviour of such systems were undertaken.  
EQMB mass signals positive of the pzc indicate anodic charging of the double 
layer and accumulation of anions, i.e., solvated OH-. Perchlorate ClO4- replaces 
OH- at > 0.0 V (all potentials given vs. MSE). Specific OH- adsorption (OH-ad), 
i.e., 2D oxide formation, at > +0.30 V displaces ClO4-. An oxygen place exchange 
leading to 3D oxide occurs parallel to the 2D oxide (OH-ad) formation > +0.5 V. 
The cathodic stripping of the surface and bulk oxygen species is comparatively 
fast and complete. A finite amount of gaseous oxygen is generated above the 
thermodynamic potential of ca. +0.05 V, which cannot be reduced in the reversal 
scan. 
The borate coverage at the potential of maximum adsorption, at −0.14 V, 
increases with the borate bulk concentration because the monomer B(OH)4− 
replaces solvated OH- in the Helmholtz layer. The monomer B(OH)4− itself is in 
turn replaced by ClO4- at > 0.0 V. 
Results and Discussion 
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Fig. 5: Protein adsorption. Electrochemical quartz microbalance Δm transient results of gold in 
100 mM NaClO4, 10 mM Ca(ClO4)2, 1 mM H3BO3 at pH 9 after 50 min of the addition 
of an S-layer protein solution at various electrode potentials vs. MSE. Value at -0.65 V 
from [4]. (a) non-specific anion (OH-aq, ClO4-aq) adsorption; (b) specific ClO4- 
adsorption (sub-monolayer); (c) saturated specific ClO4- adsorption (maximum 
coverage). 
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Fig. 3: Scanning probe micrograph of gold in 100 mM NaClO4, 10 mM Ca(ClO4)2, 1 mM 
H3BO3, pH 9, at UMSE = -0.65 V. (a) Defection sensor signal; (b) height (topography). 
 
 
 
Fig. 4: Scanning probe micrograph of gold 60 min after protein solution addition (0.1 gl-1) in 
100 mM NaClO4, 10 mM Ca(ClO4)2, 1 mM H3BO3, pH 9, at UMSE = -0.65 V. (a) 
Defection sensor signal; (b) height (topography). 
Results and Discussion 
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Fig. 2: Protein adsorption. Electrochemical quartz microbalance Δm transients of gold in 
100 mM NaClO4, 10 mM Ca(ClO4)2, 1 mM H3BO3 at pH 9 after addition of an S-layer 
protein solution at various electrode potentials vs. MSE. Horizontal dashed line represent 
the theoretical protein monolayer. Results at -0.65 V from [4]. 
Results and Discussion 
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Figures 
 
 
Fig. 1: Electrochemical quartz microbalance results of gold in 100 mM NaClO4, 10 mM 
Ca(ClO4)2 and 1 mM H3BO3 at pH 9. (a) j/U, (b) Δq/U, (c) Δm/U. Vertical dashed lines: 
point of zero charge (pzc) and potentials of transient protein adsorption experiments (see 
Fig. 2). 
Results and Discussion 
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intermediate region between -0.2 V and +0.2 V, still partial non-specific besides 
some specific adsorption of ClO4- occurs. Only on the surface non-specifically 
bonded regions the protein replacement can take place represented by a low mass 
increase (e.g. +0.1 V, Fig. 2). In this potential region however electrochemical 
oxidation and denaturisation leads to slow chaotic deposition up to multilayer 
coverages. 
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First in situ scanning probe microscopy of gold in the buffer electrolyte at UMSE 
= -0.65 V exhibited the irregular polycrystalline gold structure (Fig. 3). Only 60 
min after the addition of the protein solution (comp. mass transients in Fig. 2) the 
regular S-layer structure could be detected (Fig. 4). 
This situation changes abruptly when ClO4- adsorbs specifically positive of ca. 
-0.2 V. In the region where a submonolayer of specifically adsorbed ClO4- is 
formed (+0.1 V), a quick but low mass increase, of at most 15% of a full protein 
coverage (~135 ng) indicates only partial anion replacement by the proteins. 
When the entire ClO4- is specifically adsorbed at +0.3 V, a rapid protein 
adsorption is prevented. 
The mass transient only rises after little more that 100 min. The sluggish non 
saturating mass increase in the region positive of ca. -0.1 V (+0.1 V and +0.3 V) 
indicates deposition of more than monolayers and the codeposition of oxidatively 
denaturized protein molecules. Amino acids and proteins show electrochemical 
decarboxylation in this potential regime. [17, 18] 
 
Conclusions 
 
The kinetics and mechanism of the adsorption of the surface layer proteins of 
Lysinibacillus sphaericus CCM2177 depend on the charging conditions of the 
electrochemical double layer. Fig. 5 shows the adsorbed protein mass at 50 min 
after the protein solution addition. This allows a semiquantitative comparison of 
the relative adsorption rate. Proteins can only form monolayer, i.e., S-layers, when 
solvated anions are only non-specifically adsorbed, such as OH-aq and ClO4-aq, in 
the outer Helmholtz plane. First electrochemical in situ scanning probe 
micrographs in this potential domain prove the rapid formation of a crystalline 
monolayer, e.g., after 60 min. Positive of ca. -0.2 V ClO4- starts adsorbing 
specifically. In the region positive of ca. +0.2 V, gold is completely covered by 
specifically bonded ClO4-, so that protein molecules cannot replace it. In the 
Results and Discussion 
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Crystallization buffer 
 
The crystallization buffer at pH 9 should result in a point of zero charge (pzc) 
around −0.73 V. [12] Actually, the electrolyte consisting of 100 mM NaClO4, 
1 mM B(OH)3 and 10 mM Ca(ClO4)2 as crosslinking additive, led to a mass 
decrease during anodic scanning due to the displacement of relatively heavy 
solvated cations by solvated anions (OH-aq, ClO4-aq) in the region around the pzc, 
[13] i.e. -1.4 to -0.3 V (Fig. 1). This so-called double layer region is characterized 
by nearly constant charge (Fig. 1b). 
A current wave together with a charge and a mass increase at around −0.20 V 
indicates specific adsorption of perchlorate anions (comp. [14, 15]). The oxide 
monolayer (AuOx) is formed positive of +0.40 V indicated by a substantial anodic 
wave, charge (comp. [13, 16]), and mass increase. 
In the cathodic scan after stripping of AuOx, a remnant charge and practically 
complete mass reduction indicates that anodically generated oxygen could not be 
reduced at the interface. [4] 
 
Protein adsorption 
 
Protein adsorption studies consisted of potentiostatic EQMB transient 
measurements (Fig. 2). The protein base solution of 1 gl-1 was added to the 
crystallisation buffer after the EQMB frequency reached a constant level before. 
The final protein concentration was 0.1 gl-1. Transients at potentials in the double 
layer region (comp. dashed lines in Fig. 1) with mainly solvated OH-aq and ClO4-aq 
adsorbed resulted in quick mass increases (in ca. 10 min). This is a direct 
indication that S-layers form monolayers when the outer Helmholtz plane (OHP) 
consists of electrostatically adsorbed anions. [3, 4] Actually, in situ FTIR 
measurements showed that perchlorate was replaced by proteins. [5]  
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 A conventional three-electrode setup with a platinum wire as counter 
electrode and a saturated Hg/Hg2SO4/Na2SO4, sat electrode (MSE: +0.65 V vs. the 
standard hydrogen electrode, SHE) electrode as reference electrode was used in a 
special custom-made Teflon® electrochemical cell. This design minimized the 
influence of the perpendicular compression wave on the transversal acoustic 
wave. [9] 
 Scanning probe microscopy (SPM) was performed with a 50 µm head 
scanner in the contact mode (NTEGRA Aura, NT-MDT). The deflection sensor 
micropgraphs were filtered by a sobel operator. The working electrode in the SPM 
experiments was template-stripped gold. [10] High grade mica samples (6.25 cm²) 
were freshly cleaved with adhesive tape. Two mica pieces were immediately 
placed cleaved side down into the sample holder of a physical vapour deposition 
apparatus.  
 The in situ experiments were carried out in a sealed argon-purged three-
electrode cell (made of polyether ether ketone, PEEK) controlled by a 
potentiostatic system (CHI 760C). Rectangular silicon cantilevers (NT-MDT, 
CSG01), with a force constant of 3.0 10-2 Nm-1, were used. A Platinum foil was 
the counter electrode. As reference electrode served a saturated Hg/Hg2SO4 
(MSE) electrode. All potential values presented refer to MSE. 
 The electrolyte solutions consisted of sodium perchlorate monohydrate 
(Merck, p.A.), calcium perchlorate tetrahydrate (Sigma-Aldrich >99%), boric acid 
(AMRESCO, ACS grade) and sodium hydroxide (Arcos, p.A.). All solutions were 
prepared with freshly deionised water (18 MΩcm-1, Millipore). Deoxygenation 
was achieved by purging with argon for at least 30 min before each 
electrochemical experiment. The properties and preparation of the S-layer L. 
sphaericus CCM 2177 were described in detail before. [4, 11] 
 
Results and discussion 
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Introduction 
 
Bacterial cell surface layers, so-called S-layers, [1, 2] derived from outmost 
membranes on certain archea and gram positive bacteria represent an attractive 
model to study the electrochemical behaviour of proteins on inorganic electrode 
materials [3-5] and provide interesting applicative perspectives in biotechnology. 
[6] 
 A recent in situ FTIR study showed that the S-layer protein molecules can 
compete successfully for surface binding sites displacing adsorbed anions. [5] 
There are strong indications that denaturation of protein molecules normally 
observed on inorganic surfaces may be avoided under certain electrochemical 
conditions. [4, 7]  
 This study, a time-resolved electrochemical quartz microbalance and first 
electrochemical in situ scanning probe microscopy investigations of the S-layer 
adsorption kinetics provided insight into the mechanisms of anion replacement in 
the electrochemical double layer. 
 
Experimental 
 
An electrochemical quartz microbalance (EQMB) system (CH Instruments, model 
CHI 440) with 8 MHz AT-cut quartz wavers (CH Instruments) coated with 
200 nm thick gold films as working electrodes was used. The real surface area 
was 0.265 cm2 was determined with a geometrical electrode surface of 0.205 cm-2 
by measuring the charge and mass of the two-dimensional (2D) oxide. [8] With 
this, the EQMB conversion factor was 1.83 ngHz-1 and. All frequency results 
were converted to mass in this context. 
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3.4 Influence of specific and non-specific anion adsorption on the 
electrocrystallization of surface layer proteins 
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Abstract 
 
Time-resolved electrochemical quartz microbalance and first electrochemical 
in situ scanning probe microscopy investigations proved the rapid formation of a 
crystalline protein monolayer of Lysinibacillus sphaericus CCM2177 on gold is 
only possible when solvated hydroxide and perchlorate in the outer Helmholtz 
plane can be replaced by the protein carboxylate functions. Under electrochemical 
conditions of specific adsorption of perchlorate, however, its replacement by the 
protein is inhibited. In this potential region, also electrochemical oxidation of 
amino acids and denaturisation takes place leading to chaotic deposition of 
multilayers. 
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Fig. 3: Borate adsorption at −0.14 V vs. bulk concentration from EQMB data. pH 9. 
 
 
 
Fig. 4: Double layer model with NaClO4 and B(OH)3 at alkaline pH. 
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Fig. 2: Current density (j), charge density (Δq), mass (Δm) vs. potential (U). 100 mM 
B(OH)3, pH 9. Potential scanning speed: 50 mVs-1. Cathodic reversal potential: (a) 
−1.40 V, (b) −1.10 V. Anodic reversal potential: (a) −0.3 – 0.0 V, (b) +0.2 – +0.8 V. 
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Figures 
 
 
Fig. 1: Current density (j), charge density (Δq), mass (Δm) vs. potential (U). 99 mM 
NaClO4, 1 mM B(OH)3, pH 9. Potential scanning speed: 50 mVs-1. The potential scanning 
speed was 50 mVs-1. Cathodic reversal potential: (a) −0.70 V, (b) −0.80 V. Anodic reversal 
potential: (a) +0.3 – +0.5 V, (b) +0.6 – +0.8 V. 
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The borate coverage at the potential of maximum adsorption, at −0.14 V, 
increases with the borate bulk concentration (Fig. 3) because the monomer 
B(OH)4− replaces solvated OH- in the Helmholtz layer (Fig. 4b). The monomer 
B(OH)4− itself is replaced in turn by ClO4- at > 0.0 V. 
Beyond a borate concentration of ca. 0.025 M, the borate coverage levels off 
due to chemisorption saturation and specific adsorption of less or equal a 
monolayer of polyborate such as B4O5(OH)42− which exhibits a higher volume 
than the monomer B(OH)4− (Fig. 4c). Beyond the maximum polyborate adsorption 
around −0.14 V, the borate polyions decompose into a 2D hydroxide/oxide layer 
(OH−ad) and B(OH)3 (Eq. 5) which desorbs (Fig. 4c). There is strong evidence that 
specific polyborate adsorption may accelerate the dissolution of Au in analogy to 
halogenides (comp. [46, 47]). The mass trace rise due to polyborate adsorption 
during the cathodic reversal scan indicates that the 2D hydroxide/oxide layer 
(OH−ad) adds B(OH)3 from the electrolyte bulk forming specifically adsorbed 
B4O5(OH)42−ad (i.e., reversal of Eq. 5). The remarkable mass increase beyond 
+0.6 V (Fig. 2b) may be caused by a strong pH decrease during massive oxygen 
evolution, which triggers the precipitation of orthoboric acid hydrogen-bonded 
layers. 
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polyborate desorbs, and solvated OH− takes over the negative charging of the 
Helmholtz double layer. 
The remarkable mass increase beyond +0.6 V (Fig. 2b) may be caused by a 
strong pH decrease during massive oxygen evolution which may trigger the 
precipitation of orthoboric acid hydrogen-bonded layers [48]. Once the steady 
state decrease of the pH cannot be sustained on the cathodic reverse scan and the 
bulk borate electrolyte starts buffering the pH again, this orthoboric acid 
hydrogen-bonded layer dissolves and the mass drops to the value of OH−ad at 
+0.40 V (Fig. 2b). 
The borate coverage at the potential of maximum adsorption (−0.14 V) 
increases with the borate bulk concentration (Fig. 3). The monomer B(OH)4− 
replaces solvated OH- in the Helmholtz layer with higher bulk supply. Beyond a 
borate concentration of 0.025 M the coverage levels off. This can be correlated 
with a chemisorption saturation, i.e., specific adsorption of less or equal a 
monolayer, of polymer anions, such as, e.g., B4O5(OH)42− and B5O6(OH)4− (Eq. 3 
and 4). These exhibit a higher volume and require a greater surface area than the 
monomers. 
 
Conclusions 
 
EQMB mass signals positive of the pzc indicate anodic charging of the double 
layer and accumulation of anions, i.e., solvated OH- (< −0.30 V). Perchlorate 
ClO4- replaces OH- at > 0.0 V (Fig. 4a). Specific OH- adsorption (OH-ad), i.e., 2D 
oxide formation, at > +0.30 V displaces ClO4-. Oxygen place exchange leading to 
3D oxide occurs parallel to 2D oxide (OH-ad) formation > +0.5 V. Cathodic 
stripping of the surface and bulk oxygen species is comparatively fast and 
complete. A finite amount of gaseous oxygen was generated above the 
thermodynamic potential of ca. +0.05 V, which could not be reduced in the 
reversal scan (Fig. 1b). 
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adsorption on Ag where the pzc is much more negative at −1.1 V, and where the 
polyborate adsorption sets in immediately positive at this potential [30, 44]. 
Beyond the polyborate adsorption a current and mass peak around −0.14 V, the 
mass decreases substantially (Fig. 2) in contrast to the case where perchlorate 
adsorption took place (Fig. 1). This decrease even commences when the 2D 
hydroxide/oxide layer is formed beyond +0.30 V seen by the distinctive current 
wave and charge step there. This suggests that the borate polyions decompose into 
a 2D hydroxide/oxide layer (OH−ad) and, e.g., boric acid, which desorbs thus 
reducing the mass: 
 
B4O5(OH)42−ad + 5 H2O → 4 B(OH)3 + 2 OH−ad   (5) 
 
A second cause for this mass decrease beyond the polyborate adsorption 
(−0.14 V) may be the accelerated dissolution of Au complexed by polyborate in 
contrast to perchlorate (Fig. 1). Borate shows specific adsorption behaviour in 
analogy to halogenides, which cause anodic dissolution of Au [46, 47]. Actually 
highly concentrated perchlorate (1 M) also caused mass losses [36]. The 
dissolution of Au with strongly (specifically) adsorbed polyborate is supported by 
the drastic mass loss after the stripping of oxygen species (2D/3D oxide) in the 
anodic double layer region (pcz < U < −0.14 V) during the cathodic scan. This 
mass loss due to dissolution increases with the anodic reversal potentials. 
Parallel to the dissolution of Au, oxygen is generated which cannot be reduced 
during the cathodic potential excursion resulting in a charge loss in the region 
pcz < U < −0.14 V (Fig. 2; comp. perchlorate in Fig. 1). 
After the anodic scanning reversal, the mass trace rises almost to the polyborate 
adsorption peak around −0.14 V, because OH−ad adds B(OH)3 from the electrolyte 
bulk (reversal of Eq. 5). Further negative scanning in the region 
pzc < U < −0.14 V results again in mass reduction when OH−ad is stripped, 
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EQMB results indicate a mass hysteresis around the pzc (−0.73 V) particularly 
visible in Fig. 2a (comp. [34]). The mass signal negative of the pzc shows that 
solvated Na+ adsorbed in the negative Helmholtz layer is heavier than adsorbed 
solvated OH- at positive potentials (< −0.5 V). Anodic charging of the double 
layer results in the accumulation of anions, i.e., not only of solvated OH- 
(< −0.3 V), but also of ClO4- (> −0.3 V) (Fig. 1). This anion adsorption is 
observed also by a slight current wave at +0.10 V where also mass saturation 
occurs at < +0.20 V. Specific OH- adsorption, i.e., two-dimensional (2D) oxide 
formation, sets in with a strong current wave > +0.30 V with a saturation 
expressed by a second mass peak around +0.45 V (Fig. 1b). 
Oxygen place exchange resulting in three-dimensional (3D) oxide, occurs 
parallel to 2D above +0.30 V represented by a massive charge increase at a more 
anodic reversal potential. This is almost completely compensated by cathodic 
stripping around −0.40 V where also ClO4- is desorbed in parallel (Fig. 1). That 
means that place exchange is comparatively fast at the scanning speed used. In 
this range, Au is oxidized to a 2D hydroxide/oxide layer, or by oxygen-Au place 
exchange to a 3D oxide. Interestingly, the positive charge balance of the cathodic 
stripping scan (charge in Fig. 1) is in contrast to an approximate zero mass 
balance at −0.40 V (mass in Fig. 1). This suggests that practically the entire 
2D/3D oxide layer could be stripped in the cathodic scan (zero mass balance), and 
that a finite amount of gaseous oxygen was generated above the thermodynamic 
potential of ca. +0.05 V [45] which could not be reduced in the reversal scan 
(positive charge balance). 
In the presence of a pure borate electrolyte without perchlorate (Fig. 2), a new 
well distinguished current and mass peak around −0.14 V occurred, which is a 
relatively negative potential in respect to the adsorption of perchlorate and the 2D 
hydroxide/oxide layer. It represents the adsorption of polyborate species in 
addition and/or in competition to OH- adsorption, which already takes place 
positive of the pzc around −0.73 V. This is in contrast to results of borate 
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Experimental 
 
The EQMB proved to be a valuable tool to elucidate the dependency of the 
double layer structure on the electrochemical potential [32, 34, 39-41]. A time-
resolved electrochemical quartz microbalance (CH Instruments, Model CHI 440) 
was employed. 200 nm thick gold films evaporated on 8 MHz AT-cut quartz 
wavers (CH Instruments) were used as working electrodes. The active area was 
0.205cm². A conventional three electrode setup with a platinum wire as counter 
electrode and a saturated mercury sulphate electrode (MSE) in a custom-made 
Teflon® receptacle was used. The electrolyte solutions consisted of sodium 
perchlorate monohydrate (p.A., Merck), boric acid (ACS grade, AMRESCO) and 
sodium hydroxide (p.A., Arcos). All solutions were prepared with freshly 
deionised water (Millipore, 18 MΩcm-1). The ionic strength was kept constant 
(0.2 M) by the perchlorate concentration when the borate concentration was 
varied. 
 
Results and discussion 
 
The point of zero charge (pzc) depends sensitively on minute traces of 
adsorbants in the double layer and, also on the measuring technique. Early 
investigations on Au suggested a pzc of ca. 0.00 V vs. the standard hydrogen 
electrode (SHE) or ca. −0.65 V vs. MSE, respectively. [42, 43] An open circuit 
scrape method yielded a pzc of ca. +0.10 V vs. SHE, i.e., −0.55 V vs. MSE, when 
exclusively weakly adsorbing anions such as ClO4-, SO42-, and F- are present in 
contrast to specifically adsorbing species such as halogenides where the values are 
shifted negatively. [44] Also, an increasing pH > 9 causes a negative shift of the 
pzc due to specific adsorption of OH-. According to this, a pzc of −0.73 V vs. 
MSE [44] applies in the context of this work (Fig. 1, 2). All potential values 
presented refer to MSE. 
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4 B(OH)4− ↔ B4O5(OH)42− + 5 H2O +2 OH−    (3) 
 
This can further add a borate unit: 
 
B4O5(OH)42− + B(OH)4− ↔ B5O6(OH)4− + H2O + 2 OH−   (4) 
 
The kinetics of these polyborate formations are relatively fast [28, 29]. 
There is scarce literature on the borate adsorption on noble metals such as Pt 
[22], Ag [30], and Au [25]. A preliminary quartz microbalance study showed a 
weak adsorption of borate in respect to hydroxide on Ni [21] and Au [25]. A 
participation of hydroxyl seemed to change the adsorption mode of borate on Pt 
[22] and Ag [30]. 
The constituents of buffer solutions used in biological systems control the 
structure of the electrochemical double layer on electrodes, and thus, may affect 
the mechanism of, e.g., electrochemically driven self-assembly and crystallisation 
of S-layer proteins on gold at alkaline pH [23, 25, 31]. These occur in the 
electrochemical double layer region positive of the point of zero charge (pzc). 
There, the replacement of anions by negative chemical functions of the protein 
molecules, such as carboxylate groups were observed [31]. Borate buffers 
containing perchlorate proved to be the most advantageous system for the above-
mentioned bioelectrochemical reactions [23]. If specific anion adsorption takes 
place, e.g. by perchlorate, a protein adsorption may need to compete with these 
species. Particularly borate exhibits exceptional surface activity enhancing oxygen 
place exchange [25] into the gold bulk and oxide formation [32-38]. This may 
cause implication for the electrosorption of biomolecules. Therefore, the 
behaviour of borate on gold was studied with the electrochemical quartz 
microbalance (EQMB) in detail. 
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the borate polyions decompose into OH−ad and B(OH)3 which desorbs. There is 
strong evidence that specific polyborate adsorption may accelerate the dissolution 
of Au in analogy to halogenides. 
 
Introduction 
 
Borate plays an important role in many electrochemical studies at various 
metals and alloys, in electroplating baths, as pH buffer and as passivity stabilizer 
[1-22]. Its function as pH buffer is of particular importance in bioelectrochemistry 
[23-25]. However its influence on electrode processes such as protein 
electrosorption is still unclear. 
Borate exists in many forms in aqueous solution. In acid and near-neutral 
conditions at low concentrations, it exists as boric acid, H3BO3, but more correctly 
B(OH)3. With a pKa of 9.14 at 25°C the following equilibrium between boric acid, 
B(OH)3, and tetrahydroxyborate, B(OH)4−, occurs: [26] 
 
B(OH)3 + OH− ↔ B(OH)4−    (1) 
 
Thus, B(OH)3 and B(OH)4−, coexist at pH’s near the pKa of 9.14. 
However, if the boron concentration is > 0.025 M, polymeric anions are formed 
at an alkaline pH ≅ pKa: [27] 
 
2 B(OH)4− + 2 B(OH)3 ↔ B4O72− + 7 H2O    (2) 
 
or polyhydroxoborates containing structural OH units at pH > pKa such as 
B4O5(OH)42− with two four-coordinated boron atoms (two BO4 tetrahedra) and 
two three-coordinate boron atoms (two BO3 triangles)[27]: 
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Abstract 
 
Borate electrolytes are important buffers in technological and biological 
applications. They may interfere strongly with the structure of the electrochemical 
double layer thus affecting electrochemical processes. In situ electrochemical 
quartz micro balance (EQMB) measurements indicate anodic charging of the 
double layer by accumulation of solvated OH-. Perchlorate replaces this species at 
> 0.0 V. Specific OH- adsorption, i.e., two-dimensional oxide formation (OH−ad), 
displaces this ClO4- in turn. The monomer B(OH)4− can replace solvated OH- in 
the Helmholtz layer, and itself is replaced by ClO4- at higher potentials in turn. 
Beyond a borate concentration of ca. 0.025 M polyborate chemisorption 
saturation, i.e., specific adsorption of less or equal a monolayer is observed. In the 
potential region of the two-dimensional hydroxide/oxide layer (OH−ad) formation, 
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Fig. 10: Schematics of the electrochemical double layer in the presence of S-layer proteins and 
Ca2+ negative and positive of the point of zero charge, pzc. 
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Fig. 8:In situ FTIR spectrum of S-monolayer with Ca2+. Negative of the point of zero charge, pzc: 
U = -0.50 V vs. Ag/AgCl/3M KCl electrode. 100 mM NaClO4, 10 mM Ca(ClO4)2, 1 mM H3BO3, 
pH 9. Reference spectrum of electrolyte with S-layer at U = -0.20 V vs. Ag/AgCl/3M KCl 
electrode. 
 
 
Fig.9:Schematics of the electrochemical double layer in the presence of S-layer proteins negative 
and positive of the point of zero charge, pzc. 
 
Results and Discussion 
Structural Control of Surface Layer Proteins at Electrified Interfaces investigated by In Situ 
Fourier Transform Infrared Spectroscopy; p 12  
___________________________________________________________________________________________________ 
___________________________________________________________________________________________________ 
 
- 99 - 
 
 
Fig. 6:In situ FTIR spectrum of S-monolayer. Positive of the point of zero charge, pzc: U = -
0.20 V vs. Ag/AgCl/3M KCl electrode (after excursion to potential negative of the pzc: U = -
0.55 V; Fig. 5). 100 mM NaClO4, 1 mM H3BO3, pH 9. Reference spectrum of electrolyte with S-
layer at U = -0.55 V vs. Ag/AgCl/3M KCl electrode. 
 
 
Fig.7:In situ FTIR spectrum of S-monolayer with Ca2+. Positive of the point of zero charge, pzc: 
U = -0.20 V vs. Ag/AgCl/3M KCl electrode. 100 mM NaClO4, 10 mM Ca(ClO4)2, 1 mM H3BO3, 
pH 9. Reference spectrum of electrolyte without S-layer at U = -0.20 V vs. Ag/AgCl/3M KCl 
electrode. 
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Fig. 4:In situ FTIR spectrum. S-layer monolayer. 100 mM NaClO4, 1 mM H3BO3, pH 9. Positive 
of the point of zero charge, pzc. U = -0.20 V vs. Ag/AgCl/3M KCl electrode. Reference spectrum 
of electrolyte without S-layer at U = -0.20 V vs. Ag/AgCl/3M KCl electrode. 
 
 
Fig. 5:In situ FTIR spectrum of S-monolayer. Negative of the point of zero charge, pzc: U = -
0.55 V vs. Ag/AgCl/3M KCl electrode. 100 mM NaClO4, 1 mM H3BO3, pH 9. Reference 
spectrum of electrolyte with  
S-layer at U = -0.20 V vs. Ag/AgCl/3M KCl electrode. 
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Fig. 3:Potential dependence of the (a) Cl-O stretch vibration (1107 cm-1) and the (b) H2O bending 
vibration (1650 cm-1). 100 mM NaClO4, 10 mM Ca(ClO4)2, 1 mM H3BO3, pH 9. Potentials, U vs. 
Ag/AgCl/3M KCl electrode. Point of zero charge: pzc. 
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Fig. 2:Potential dependence of in situ FTIR spectra. 100 mM NaClO4, 10 mM Ca(ClO4)2, 1 mM 
H3BO3, pH 9. Potentials, U vs. Ag/AgCl/3M KCl electrode. Potential scan rate 2 mVs-1. 
Horizontal lines represent the selected wavelengths of the graphs (a), (c), and (d). (a) Cl-O stretch, 
1107 cm-1; (b) contour map; (c) H2O bending 1650 cm-1; (d) H2O libration, 2100 cm-1. Point of 
zero charge: pzc. 
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irreversibly disintegrates to multilayer islands (Fig. 9). Then the inorganic cations 
and anions solely support the electrochemical double layer charging. 
S-layers interlinked laterally with Ca2+ ions positive of the pzc resulted in the 
formation of a crystalline layer participating in the Helmholtz layer (Fig. 10). In 
contrast to the S-layer in absence of the Ca2+-linkers, this layer remains 
structurally intact also in the negative polarization domain where the Helmholtz 
layer is solely sustained by solvated perchlorate anions and solvated Na+ and Ca2+ 
cations without participation of the protein carboxylate functions. 
 
Figures 
 
 
Fig. 1:Electrochemical quartz microbalance (EQMB) results. 100 mM NaClO4, 10 mM Ca(ClO4)2 
and 1 mM H3BO3, pH 9. Potential vs. Ag/AgCl/3M KCl electrode. Dashed line: pzc. (a) j/U, (b) 
Δm/U. 
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no change, and the perchlorate decreases drastically, in the presence of Ca2+ (Fig. 
8). Obviously, the interlinked S-layer allows the replacement of solvated 
perchlorate anions by solvated Na+ and Ca2+ cations in the surface sections of the 
S-layer pores, and the practically constant O-H bending signal is balance by a 
water decrease (perchlorate) and increase (cations). The negative carboxylate 
functions on the interfacial side of the S-layer molecules are expected to be 
desorbed from the negatively charged surface in analogy to the perchlorate ions. 
These functions are neutralized by cations, and the entire S-monolayer stays in the 
interfacial domain, so that the protein function vibrations appear constant. 
 
Conclusions 
 
The mass change in the potential range negative and positive of the pzc 
represents the replacement of relatively strongly solvated sodium and calcium 
cations in the Helmholtz plane by less solvated and therefore lighter perchlorate 
and borate anions.  
A reproducible increase of the Cl-O stretch vibration absorbance at positive 
potential excursions is counteracted by a decrease of the water signals (water 
bending vibration, 1650 cm-1, libration vibrations, 1700 - 2600 cm-1). 
The anionic charging of the double layer is supported by solvated OH- ions 
below ca. +0.10 V. These are replaced by perchlorate at potentials positive of ca. 
+0.10 V. A negative potential scan causes a desorption hysteresis of perchlorate in 
contrast to solvation water attached to OH- or cations. 
S-layer proteins adsorb on gold polarized positively of the pzc by displacing 
perchlorate anions in the outer Helmholtz plane without (Fig. 9) and with Ca2+-
linker ions (Fig. 10) present. 
In the absence of Ca2+-linker ions, negative of the pzc the carboxylate protein 
functions are displaced from the Helmholtz layer by cations, and the S-layer 
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and the C-N stretching bands characteristic for peptide bonds together with an 
increase of the C=O stretching vibration attributed to carboxylate protein 
functions. This is accompanied by a decrease of the Cl-O stretching band. 
In order to allow mass transport to and from the surface the electrode was 
detached from the window and the potential was adjusted negative of the pzc at 
U = -0.55 V. The spectrum exhibits a strong increase of the O-H bending band 
due to the adsorption of cations, majorly of strongly solvated Na+ (Fig. 5). The 
finite increase of the protein functions may be related to a structural change, such 
as a molecular flip with the negatively charged side away from the negatively 
charged surface together with island formation of S-layer double layers (comp. [5, 
7]). The Cl-O band increase may be related to the spaces between these islands 
filled with bulk electrolyte. 
Once this structural change of the protein layers (islands etc.) has been 
established, a return to a potential positive of the pzc at U = -0.20 V yielded a 
major adsorption of perchlorate anions in the Helmholtz plane whereas the protein 
molecules could not resume their original structure where they competed with the 
anions in the electrochemical double layer (comp. Fig. 4). This is observed by a 
major increase of the Cl-O band and a minor increase of the protein functions in 
Fig. 6. 
The addition of Ca2+ ions in the presence of S-layer units at a potential positive 
of the pzc at U = -0.20 V resulted in the formation of a crystalline laterally 
interlinked S-layer participating in the Helmholtz layer (comp. [7]). The FTIR 
spectrum (Fig. 7) practically resembles that of the Ca2+-free case (Fig. 4). Also the 
Ca2+-interlinked S-layer proteins adsorb on gold polarized positively of the pzc by 
displacing perchlorate anions in the outer Helmholtz plane. This was suggested by 
the increase of the N-H bending and the C-N stretching bands together with an 
increase of the C=O stretching vibration paralleled by a decrease of the Cl-O 
stretching band. 
In contrast to the polarization from positive to a negative potential in the 
absence of Ca2+-linkers (comp. Fig. 5), the O-H bending band exhibits practically 
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absorbance variation of the water vibrations with potential, dA/dU, occurred 
around the pzc. 
A detailed representation of the Cl-O stretch vibration absorbance at 1107 cm-1 
and the H2O bending vibration around 1650 cm-1 vs. potential in the second 
potential cycle is depicted in Fig. 3. In the potential range between values 
negative of the pzc, from -0.60 to -0.30 V, perchlorate is a minimum, 
corresponding to the practical absence of the anions in the negatively charged 
double layer. Solely the cations are decreasing approaching the pzc from negative 
values, which is observed by the decrease of their solvation water absorbance. 
One has to expect that the anionic charging of the double layer is supported by 
solvated OH- ions. These are replaced by perchlorate at potentials positive of ca. 
+0.10 V (Fig. 3a) where the perchlorate absorbance increases, and the water 
signal (mainly of the OH- salvation shell) decreases (Fig. 3b). This suggests that 
the mass increase in this potential domain (Fig. 1b) is supported by the double 
layer loading by perchlorate. The maximal variation of the infrared absorption of 
water at 1650 cm-1 (Fig. 3b) corresponds to a 1 nm thick water layer in good 
agreement with electrochemical adsorption models. The conversion of the 
perchlorate absorbance leads to an apparently higher value as expected in an 
electrochemical double layer. This can be explained by the surface enhancement 
of infrared absorption (SEIRA) on gold electrodes. [24] The negative potential 
scan results in a more or less reversible desorption of perchlorate (with a negative 
hysteresis) and a water signal increase with the replacement of perchlorate by 
solvated OH- ions (+0.50 to 0.00 V), and finally the charging with solvated 
cations (0.00 V to -0.60 V). 
In situ FTIR spectroscopy gives clear evidence that S-layer proteins adsorb on 
gold polarized positively of the pzc by displacing perchlorate anions in the outer 
Helmholtz plane. After S-layer deposition in a solution containing S-layer 
monomer units, NaClO4, and H3BO3 at pH 9, positive of the pzc, at U = -0.20 V, 
the electrolyte was replaced by a solution without the S-layer monomers. Under 
these conditions the FTIR spectrum (Fig. 4) shows an increase of the N-H bending 
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solution with a protein concentration of 1mg/ml was stored in a refrigerator until 
use. Deoxygenation was achieved by purging with argon for at least 30 min before 
each electrochemical experiment.  
 
Results and discussion 
 
The S-layer crystallisation buffer consists of NaClO4, Ca(ClO4)2 as bivalent ion 
additive, and H3BO3 as pH-buffer adjusted to pH 9 with NaOH. The cyclic 
voltammogram of the anodic sweep of a gold electrode (Fig. 1a) indicates a 
double layer region between -1.00 V and +0.25 V limited by a mass increase 
above ca. +0.30 V which levels until +0.90 V (Fig. 1b). The mass decrease in the 
potential range negative and positive of the pzc (-0.28 V) [21] represents the 
replacement of relatively strongly solvated sodium and calcium cations in the 
Helmholtz plane by less solvated and therefore lighter perchlorate and borate 
anions. [7, 22] The mass (Fig. 1b) starts increasing at ca. +0.25 V up to ca. +0.9 V 
due to the “specific anion adsorption” (A). Above +0.9 V, a strong current wave 
accompanied by a further mass gain indicates the formation of a “2D/3D oxide” 
(B). [22, 23] After the cathodic stripping scan down to ~0.0 V, the partial 
reduction of A+B causes a mass decrease of 19 ng (Fig. 1b, Table 1). The 
behaviour of the total crystallisation buffer consisting of NaClO4, Ca(ClO4)2, and 
H3BO3 at pH 9 resembles that of the pure NaClO4 and Ca(ClO4)2 without borate, 
because the H3BO3 concentration is relatively low as compared to the other 
components. [7] 
The potential dependent in situ-IR contur plot (Fig. 2b) clearly shows a 
reproducible increase of the Cl-O stretch vibration absorbance, A, at 1107 cm-1 
(Fig. 2a) during each positive potential excursion. This is counteracted by a 
decrease of the water signals, i.e., the narrow band of the H2O bending vibration 
around 1650 cm-1 (Fig. 2c) and the wide H2O libration vibrations distributed in the 
range of 1700 - 2600 cm-1, centred around 2100 cm-1 (Fig. 2d). The strongest 
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influence of the electrode potential on competing adsorption processes and 
bonding mechanisms of buffer ions and of S-layer proteins at the electrified 
liquid/gold interface. 
 
Experimental 
 
A FTIR spectrometer (Bruker Optics, Vertex 70.10) with an external nitrogen-
cooled LN-MCT detector was employed. The optics for the beam delivery to and 
from the electrochemical in situ cell were assembled on an aluminium breadboard 
in a CO2- and water-free air-flushed external compartment. Arbitrary absorbance 
units (a. u.) correspond to absorption units × 10-3 and are all equal in Figures 2 - 8. 
The in situ electrochemical cell was manufactured from Plexiglas. A 
conventional potentiostated (potentiostat: Jaissle IMP83) three electrode setup 
with a platinum wire as counter electrode and the Ag/AgCl/3M KCl electrode as 
reference electrode was used. All potential values are represented relative to this 
electrode (+ 0.21 V vs. standard hydrogen electrode) [20]. A lid contained the 
counter, reference electrode, and gas and electrolyte in- and outlets. The working 
electrode was mounted on a glass tube precisely positioned relative to the ZnSe 
window by a motorized positioning system (Newport, CMA-25CCCL) in 
combination with a controller (Newport ESP300). Both the mechanics and the 
potentiostat were controlled by a custom-developed LabView program.  
The electrolyte solutions consisted of sodium perchlorate monohydrate (p.A., 
Merck), calcium perchlorate tetrahydrate (> 99 %, Sigma-Aldrich), boric acid 
(ACS grade, AMRESCO) and sodium hydroxide (p.A., Arcos). All solutions were 
prepared with freshly deionised water (18 MΩ cm-1, Millipore).  
The extraction process to obtain Lysinibacillus sphaericus CCM2177 from 
bacterial cells was achieved by guanidine hydrochloride (5 mM) followed by 
dialysis for two hours against deionised water which reduces the chaotropic 
reagent (guanidine hydrochloride) to a concentration of 0.2 to 0.5 mM. This 
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with Ca2+ ions, positive of the point of zero charge, resulted in the formation of a 
crystalline layer participating in the Helmholtz layer. In contrast to the absence of 
the Ca2+-linkers, S-layers remain structurally intact also in the negative 
polarization domain where the Helmholtz layer is solely sustained by mainly 
solvated cations without participation of the negatively charged protein 
carboxylate functions. 
 
Introduction 
 
Two-dimensional crystalline bacterial cell protein surface layers (S-layers)[1] 
on solid substrates [2-4] and on electrified solids [5-7] are of fundamental and 
technological interest in biotechnology, [8] biomineralization, [9] biosensorics, 
[10] and bottom-up nanostructuring technologies. [3, 4, 6, 10-14] 
Denaturation of protein molecules normally are observed on inorganic solid 
surfaces. However, there are few reports that electrochemical conditions can be 
chosen so that denaturation is practically avoided on metal electrodes. [15-17] 
First electrochemical in situ quartz microbalance (EQMB), ex situ scanning probe 
microscopy (SPM), and x-ray photoelectron spectroscopy (XPS) measurements 
showed that self-assembly dynamics and surface bonding, in particular of the S-
layer proteins of Lysinibacillus sphaericus CCM2177 without denaturation of the 
protein molecules depend strongly on the structure of the electrochemical double 
layer. [5-7] 
Electrochemical in situ techniques represent a powerful approach to investigate 
protein structures and bonding on inorganic electrodes. Besides investigations 
with the EQMB, in situ Fourier Transform Infrared (FTIR) measurements provide 
a very useful tool to elucidate the structure and bonding of proteins on electrodes. 
[18, 19] In the present study, such in situ FTIR investigations have been 
undertaken in complementarity to EQMB studies [5, 7] in order to clarify the 
Results and Discussion 
Structural Control of Surface Layer Proteins at Electrified Interfaces investigated by In Situ 
Fourier Transform Infrared Spectroscopy; p 1  
___________________________________________________________________________________________________ 
___________________________________________________________________________________________________ 
 
- 88 - 
 
3.2 Structural control of surface layer proteins at electrified 
interfaces investigated by in situ fourier transform infrared 
spectroscopy 
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Abstract 
 
In situ Fourier Transform Infrared (FTIR) Spectroscopy complemented by 
Electrochemical Quartz Microbalance (EQMB) investigations allowed a detailed 
insight into the influence of the electrode potential on competing adsorption 
processes and bonding mechanisms of buffer ions and S-layer protein molecules 
of Lysinibacillus sphaericus CCM2177 at an electrified liquid/gold interface. The 
S-layer proteins adsorb on gold polarized positively of the point of zero charge by 
displacing perchlorate anions in the Helmholtz plane by their carboxylate groups 
indicated by an increase of the peptide and carboxylate infrared absorption signals 
accompanied by a decrease of the perchlorate signal. S-layers interlinked laterally 
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Δm / ng NaClO4 and H3BO3 Ca(ClO4)2 and H3BO3 
Double Layer 
(anodic charging) -30 -25 
Double Layer 
(cathodic charging) 30 20 
Specific Anion 
Adsorption (A) 13 10 
2D Oxide (B) 12 18 
A+B 25 28 
Oxide/ Hydroxide 
reduction -20 -25 
   
Tab 4:Electrochemical quartz microbalance Δm results of gold in buffer components. 100 mM 
NaClO4, 10 mM Ca(ClO4)2, 1 mM H3BO3, pH9. 
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Δm / ng  NaClO4  Ca(ClO4)2 H3BO3  full buffer 
Double Layer  
(anodic charging) 
-35 -33 -24 -23 
Double Layer  
(cathodic charging) 
36 30 22,5 23 
Specific Anion Adsorption (A) 10 10 4 7,5 
2D Oxide (B) 14 17 27,5 10(+7) 
A+B 24 27 31,5 17,5 
Oxide/ Hydroxide reduction -27 -25 -21 -23 
Tab 3:Electrochemical quartz microbalance Δm results of gold in single buffer components. 
100 mM NaClO4, 10 mM Ca(ClO4)2, 1 mM H3BO3, pH9 and the full buffer 
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Tables 
 
Electrode diameter / mm de 5.11 
Crystal diameter / mm dq 13.7 
Electrode area / cm² A 0.205 
Density / gcm-3 ρ 2.648 
Youngs modulus / gcm-1s-2 µ 2.947x1011 
Resonant frequency / MHz f0 8 
 
Tab 1: Quartz microbalance parameters  
 
Lattice type  Square 
Number of subunits per unit cell  4 
Base vectors of the unit cell (a b) / nm 13.1 ± 0.4 
Molar mass of subunit / g mol-1 132000 
Binding site density ( –COOH) / nm² 1.6 
Area per unit cell/ nm² 172 
Pore diameter / nm 4 – 5 
Surface coverage / ng cm-2 510 
 Compressibility modulus / MPa [38] 0.6 
 
Tab 2: S-layer properties (Lysinibacillus sphaericus CCM2177) [37] 
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Fig. 6: Schematic presentation of the electrochemical double layer structure including the S-layer 
formation 
 
 
Fig. 7: Scanning probe micrograph of gold prepared in Ca2+-premixed S-layer proteins and 
100 mM NaClO4, 10 mM Ca(ClO4)2, 1 mM H3BO3, pH9, at UAg/AgCl = -0.34V 
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Fig. 4:Electrochemical quartz microbalance Δm transients of gold in Ca2+-premixed S-layer 
proteins and 100 mM NaClO4, 10 mM Ca(ClO4)2, 1 mM H3BO3, pH9, at at various electrode 
potentials: (a) UAg/AgCl = -0.34V, (b) UAg/AgCl = -0.20V, (c) UAg/AgCl = +0.70V 
 
 
Fig. 5: Scanning probe micrograph of gold prepared in non-Ca2+-premixed S-layer proteins and 
100 mM NaClO4, 10 mM Ca(ClO4)2, 1 mM H3BO3, pH9, at UAg/AgCl = -0.2V 
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Fig. 3:Electrochemical quartz microbalance Δm transients of gold in non-Ca2+-premixed S-layer 
proteins and 100 mM NaClO4, 10 mM Ca(ClO4)2, 1 mM H3BO3, pH9, at at various electrode 
potentials: (a) UAg/AgCl = -0.34V, (b) UAg/AgCl = -0.20V, (c) UAg/AgCl = +0.70V 
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Fig. 2: Electrochemical quartz microbalance results of gold in 10 mM Ca(ClO4)2 (black lines), 
1 mM H3BO3, (grey lines), 100 mM NaClO4 (black dashes), 100 mM NaClO4, 10 mM Ca(ClO4)2 
and 1 mM H3BO3, (grey dashes, complete buffer). All pH9. (a) j/U, (b) Δq/U, (c) Δm/U 
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Figures 
 
 
Fig. 1 Electrochemical quartz microbalance system 
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Special attention was paid to the influence of Ca2+ ions in the electrolyte 
solution. When the positively charged double layer was in contact with the Ca2+ 
buffer solution and a non-premixed protein monomer solution was added, a 
monolayer was formed in 200 s. 
Negative of the pzc, a bilayer of proteins is formed. The first layer flips sides 
bonding with the hydrophobic face to the negatively charged metal. The counter 
charge is represented by Na+ ions. The second protein layer binds with its 
hydrophilic outer face via Ca2+ bridges to the first layer exposing the same 
hydrophilic face turning its hydrophobic side towards the aqueous electrolyte. 
Already laterally Ca2+-linked oligomer protein units approaching the surface 
may be considered in the premixed solution. Negative of the pzc, the formation of 
the bilayer from these preformed oligomers takes much more time than the 
respective monolayers. 
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mechanism, at -0.34 V. Actually, an ex-situ AFM micrograph (Fig 7) shows 
distinct multilayer islands of ca. 60nm diameter on the gold electrode. This 
situation changes abruptly at -0.20 V in the premixed solution (see above). A 
retarded formation of a monolayer is observed. 
In the “specific anion adsorption” (A) region, the mass increases the fastest and 
is followed by desorption. The SPM micrographs (not shown here) measured at 
+0.7 V (also for the non-premix case; comp. Fig. 3) revealed an unstructured 
surface, which is a clue for a protein denaturation by oxidation processes at the 
electrode. 
 
Conclusions 
 
The electrode potential is the most important parameter controlling the 
electrochemical double layer structure, and thus, the self assembling process and 
crystallisation of S-layer proteins of L. sphaericus CCM 2177 at the liquid/metal 
interface. 
Strongly adsorbed electrolyte species, such as specifically adsorbed anions 
(inner Helmholtz plane), prevent bonding of S-layers in contrast to weakly 
physisorbed solvated anions (outer Helmholtz plane). Stable conditions for 
crystallization and bonding to the gold substrate occur in the so-called 
electrochemical gold double layer region positive of the pzc. On such a surface, 
replacements of such anions by negative chemical functions of the protein 
molecules (e.g., carboxylate) are suggested.  
If specific anion adsorption takes place, e.g., by perchlorate, a protein 
adsorption may need to compete with this inorganic anion. Borate, much more 
than perchlorate, exhibits exceptional surface activity enhancing oxygen place 
exchange into the gold bulk, a higher extent of 2D/3D oxide formation, and thus 
stable bonding conditions for the protein molecules are prevented.  
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“inner” side of the proteins towards the aqueous electrolyte. Interestingly, this 
energetic condition does not require the masking of this hydrophobic face by 
forming a bilayer with the neutral sides facing each other (Fig. 6). [24] 
At -0.34 V negative of the pzc (Fig. 3), the mass exceeds the theoretical value 
of a monolayer suggesting a partial bilayer formation also observed as bilayer 
islands by SPM. [29] In contrast to the positive range where the negatively 
charged side of the protein is attracted to the positive surface replacing even 
adsorbed anions, this side is repelled by the negatively charged electrode surface. 
Thus, cations (Na+) compensate the negative charge, and the negatively charged 
protein side is turned towards the electrolyte bulk. Omnipresent Ca2+ allows a 
bivalent electrostatic bonding of this side with the equivalent side of the second 
protein bilayer (Fig. 6). Again, the latter is exposing the neutral side towards the 
electrolyte. This structure obviously is energetically preferable due to this Ca2+-
bonding between the bilayers and the Helmoltz layer charge compensation by the 
cations. 
At +0.70 V, in the region of “specific anion adsorption” (A), the mass does not 
reach the monolayer coverage and fluctuations indicate adsorption instability. 
This observation may suggest oscillations between the electrochemical oxidation 
of the proteins leading to desorption of decomposition products and the adsorption 
of fresh monomers. Actually, in-situ FTIR experiments revealed the 
decarboxylation of amino acids of protein ribonuclease at ca. +0.50 V on Pt 
electrodes. [43] A further clue for this reaction is the electrochemical oxidation of 
proteins on graphite electrodes as a method to break peptide bonds consecutively 
and detect the single amino acid components by mass spectrometry. [44] 
Already laterally linked oligomer protein units approaching the surface may be 
considered in the premixed solution (Fig. 4). The largest mass increase occurs at a 
potential of –0.34 V indicating the adsorption of more than one bilayer. It exceeds 
that of the non-premixed sample with partial bilayer formation at –0.34 V (Fig. 3). 
This and the slow mass increase suggest that larger oligomer units take much 
more time to arrange in multilayer-island in contrast to the protein unit adsorption 
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oxide” (B). If place exchange in the 2D oxide or in the growth region of the 3D 
oxide occurs, stable bonding conditions for the protein molecules are prevented. 
Further, above ca. +0.5 V, oxygen evolution [39] leading to drastic local pH-
changes may be considered resulting in unstable protein bonding conditions.  
With this knowledge, dynamic EQMB investigations of protein solutions in 
presence of the lateral protein binding agent, Ca2+, have been undertaken. There 
are two alternatives to bring Ca2+ into action. The first procedure is the quick 
addition of the monomer solution to the Ca2+-containing buffer electrolyte already 
in contact with the electrode at three different potentials during the mass transient 
measurement (Fig 3). The alternative ("premix") procedure was premixing the 
monomer solution with the Ca2+-containing buffer electrolyte, so that protein 
oligomers may be formed in the solution bulk before they can adsorb and 
assemble on the surface (Fig 4).  
When the neutral or slightly positively charged double layer (U = -0.20 V) was 
in contact with the Ca2+ buffer solution and a non-premixed protein monomer 
solution was added, the mass reached a value of approximately one monolayer 
(105 ng on 0.205 cm²) [29] after at least 200 s (Fig. 3). Fig. 5 displays an ex-situ 
SPM micrograph of a surface prepared in the protein solution without Ca2+-
premixing at -0.20 V. The surface structure of the gold electrode is readily 
identifiable as island structure with an extension of up to 200 nm, which is typical 
for non-annealed gold films. [40] A superimposed structure with a periodicity of 
ca. 13 nm corresponds to a monolayer of a two dimensional protein crystal with 
p4 symmetry: [24], [41] There is good reason to consider that the outer side of the 
S-layer proteins with a negative excess (at pH 9) charge to bind to the positively 
charged gold surface. This is supported by the recent finding in in-situ FTIR 
measurements that the proteins can successfully compete with adsorbed anions for 
surface sites, which would be highly improbable if only a more or less neutral 
hydrophobic side would face the electrode. [42] Obviously, the adsorption of the 
negatively charged face to the positive gold surface represents an energetic state 
sufficiently compensating the unfavourable exposure of the neutral hydrophobic 
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The cyclic voltammogram of the anodic sweep (Fig. 2a, grey dashed) indicates a 
double layer region between -1.0 V and +0.25 V limited by a mass increase which 
levels until +0.9 V. The mass decrease in this potential range around the pzc (-
0.28 V [30]) represents the replacement of relatively strongly solvated sodium and 
calcium cations in the Helmholtz plane by less solvated perchlorate and borate 
anions. The charge (Fig. 2b, grey dashed) and the mass (Fig. 2c, grey dashed) 
starts increasing at ca. +0.25 V up to ca. +0.9 V due to the “specific anion 
adsorption” (A). Above +0.9 V, a strong current wave accompanied by a further 
mass gain indicates the formation of a “2D/3D oxide” (B). [26],[27] Scan reversal 
leads to additional charge and mass increase until the potential of +0.9 V is 
reached where the “2D/3D oxide” (B) initiated originally. After the cathodic 
stripping scan down to ~0.0 V, the partial reduction of A+B causes a mass 
decrease of 19 ng (Fig. 2c, grey dashed, Table 3). The behaviour of the total 
crystallisation buffer consists of NaClO4, Ca(ClO4)2, and H3BO3 at pH 9 
resembles that of the pure NaClO4 and Ca(ClO4)2, because the H3BO3 
concentration is relatively low as compared to the other components. 
 
Adsorption of S-layer proteins 
 
Stable conditions for crystallization and bonding to the gold substrate have 
been observed in the so-called double layer region positive of the pzc where 
electrostatic adsorption of prevailing anions determines the double layer structure. 
[26], [16] On such a surface, replacement of anions by chemical functions of the 
protein molecules (e.g., carboxylate) obviously provide advantageous conditions 
for the adsorption, possibly in a specific way. If the “specific anion adsorption” 
(A) at ca. +0.25 V up to ca. +0.9 V takes place, e.g., by perchlorate (see above), a 
“specific” protein adsorption may need to compete with this inorganic anion. 
Therefore, a dynamic investigation of the protein adsorption and self-organization 
has been undertaken in this potential domain (-0.34 V < U < +0.9 V), i.e. on both 
sides of the pzc. The more positive range (U > +0.9 V) is dominated by “2D/3D 
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respective perchlorate anion. This experimental mass ratio contrasts with the 
molecular mass ratio of the unsolvated anions suggesting that B(OH)4- exhibits a 
much larger solvation shell than ClO4-. The mass gains of 10 ng observed in 
relation to the formation of the “specific anion adsorption” (A) in the perchlorate 
electrolytes (Table 3) contrast drastically in the presence of borate (4 ng). The 
ratio of the “specific anion adsorption” (A) to the “2D/3D oxide” (B) of ca. 0.6 – 
0.7 for the sodium and calcium perchlorates is significantly greater than only 0.2 
for borate. This suggests less specific adsorption of borate, and therefore a higher 
coverage with “2D/3D oxide” (B) in comparison to perchlorate. 
Various oxidic species cannot be completely stripped in the presence of borate 
(Fig. 2c, grey line). The cathodic stripping mass change (21 ng) is much less than 
the anodic mass gain (32 ng). Also, the remnant anodic charge after this stripping 
scan is much greater (Fig. 2b, grey line) than that of perchlorate (Fig. 2b, black 
dashed and black lines). That suggests, that not only oxygen evolution positive of 
its thermodynamic potential at ca. +0.5 V [39] accounts for this charge difference, 
but also a limited stripping efficiency possibly due to place exchange during the 
“2D/3D oxide” (B) formation. An irreversability of the 3D oxide/hydroxide 
formation in acidic [27] and alkaline [28] electrolytes could be proved by the 
rotating disk electrode technique where sub-surface oxide and a place-exchange 
reaction at relatively slow sweep rates were observed. 
Table 4 shows the mass change data of the combined binary electrolytes with 
Ca2+, 10mM Ca(ClO4)2 + 1 mM H3BO3, and without Ca2+, 100 mM NaClO4 + 1 
mM H3BO3. These combinations represent practical borate buffered systems. The 
results can be understood by the fact that the interfacial behaviour is dominated by 
the majority perchlorate species. 
 
Electrosorption of crystallisation buffer 
 
The crystallisation buffer consists of NaClO4 (100mM), Ca(ClO4)2 (10mM) as 
bivalent additive and H3BO3 (1mM) as pH-buffer adjusted to pH 9 with NaOH. 
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the EQMB technique. The cyclic voltammograms, j/U, the charge, Δq/U, and the 
mass change data, Δm/U, are depicted in Fig. 2 (Table 3). 
NaClO4 at pH9 can be discussed in analogy to results at pH12 and 13. [26] The 
drastic mass decrease of -35 ng negative of the pzc (-0.28V [30]) compares well 
to the analogous double layer charging at pH 12 or 13 of 56 ng. [26] It is related 
to the displacement of solvated Na ions and the adsorption of ClO4- rather than 
OH- (at higher pHs). [26] The anodic current wave at +0.20 V is accompanied by 
a charge increase and the beginning of a mass growth which levels at 10 ng at 
+0.60 V related to ClO4- anion adsorption (A). This current wave is added to the 
anodic charging current occurring already at more negative potentials (-0.20 - 
+0.20 V). This anodic charging appears at negative current values in the range 
negative of -0.2 V because it is superimposed with the cathodic reduction current 
of oxygen traces in the electrolyte. 
The wave at + 0.8 V is accompanied by a mass increase of 14 ng. In this range, 
Au is oxidized to a 2D hydroxide/oxide layer, or by oxygen-Au place exchange to 
a 3D oxide (B). Interestingly, the positive charge balance of the cathodic stripping 
scan (Fig. 2b, black dashed) is in contrast to an approximate zero mass balance at 
0 V (Fig. 2c, black dashed). This suggests that practically the entire A+B layer 
could be stripped in the cathodic scan (zero mass balance), and that a certain 
amount of gaseous oxygen was generated above the thermodynamic potential of 
ca. +0.5V, [39] which could not be reduced in the reversal scan (positive charge 
balance). Exchange of Na+ by Ca2+ in the perchlorate solution yielded comparable 
results (Fig. 2, black dashed and black lines). 
 
H3BO3 shows a contrasting adsorption behaviour in comparison to NaClO4. 
The mass changes during recharging of the double layer in the perchlorate 
electrolytes (Fig. 2, black dashed and black lines), around the pzc (-0.28 V [30]) 
are greater than that of the borate solution (Fig. 2, grey line). A discussion of this 
finding has to consider not only the respective ionic masses but also the solvent 
shells. [26] That means that the solvated adsorbed borate anion is heavier than the 
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with data from Table 1. All frequency result were converted to mass in this 
context. 
A conventional three electrode setup with a platinum wire as counter electrode 
and the Ag/AgCl/KCl (3 M) electrode as reference electrode was used in a 
Teflon® receptacle (Fig. 1).  
The electrolyte solutions consisted of sodium perchlorate monohydrate (p.A., 
Merck), calcium perchlorate tetrahydrate (>99%, Sigma-Aldrich), boric acid 
(ACS grade, AMRESCO) and sodium hydroxide (p.A., Arcos). All solutions were 
prepared with freshly deionised water (18 MΩcm-1, Millipore). 
The properties of the S-layer L. sphaericus CCM 2177 are presented in Table 2. 
The extraction of the protein from bacterial cells was achieved by guanidine 
hydrochloride (5 mM) followed by dialysis for two hours against deionised water 
which reduces the chaotropic reagent (guanidine hydrochloride) to a concentration 
of 0.2 to 0.5 mM. This solution with a protein concentration of 1 mg ml-1 was 
stored in a refrigerator until use. Deoxygenation was achieved by purging with 
argon for at least 30 minutes before each electrochemical experiment. After the S-
layer deposition, the quartz was rinsed with water and stored in an aqueous 
solution containing 100 mM NaClO4. The crystallinity of the S-layers was 
characterized using a scanning probe microscope (Nanoscope III, Digital 
Instruments) in contact with an electrolyte drop in the non-contact mode. 
 
Results and discussion 
 
Electrosorption of buffer components 
 
The electrosorption of various buffer components, i.e. NaClO4, H3BO3, and 
Ca(ClO4)2 as bivalent additive, adjusted to pH9 with NaOH were investigated by 
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are present in contrast to specifically adsorbing species such as halogenides, 
where the values are shifted negatively as, e.g., to -0.28 V vs. Ag/AgCl. [30] Also 
an increasing pH beyond 9 causes a negative shift of the pzc due to specific 
adsorption of OH-. Other approaches yielded a pzc of ca. 0.0 ± 0.05 V vs. SHE or 
ca. -0.2 V vs. Ag/AgCl. [31, 32] 
 The electrochemical quartz microbalance (EQMB) is a valuable tool to 
elucidate the dependency of the double layer structure on the electrochemical 
potential. [26], [33-36]  
The converse piezoelectric effect is exploited by exciting a periodic motion of 
the quartz and analysing the resonant frequency f0 of the in-plane standing wave 
in AT cut (35° to the x-axis) quartzes. For such a device the Sauerbrey equation 
describes the relation of the resonant frequency change Δf to the mass change Δm  
qqA
mff ρμ
Δ−=Δ
2
02    (1) 
With the Youngs modulus of quartz µq, density of quartz ρq, and the oscillating 
(electrode) area A. 
 In this context, the influence of the potential on the interfacial structure, 
the role of calcium ions as lateral bridging agent and of various anions as 
competitors for protein-metal bonding have been studied by the EQMB and by 
scanning force microscopic investigations. 
 
Experimental 
 
Electrochemical experiments were performed using a time resolved 
electrochemical quartz microbalance, (CH Instruments, model CHI 440). 200 nm 
thick gold films evaporated on 8 MHz AT-cut quartz wavers (CH Instruments) 
were used as working electrodes. The conversion factor of 1.42 ng Hz-1 by Eq. 1 
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protein. [20, 21] However, this part of the protein is not involved in the self-
assembly process and folds independently of the rest of the sequence. [18, 22] 
Proteins need a defined aqueous environment in order to keep their native 
properties. Therefore, complex electrolyte systems, containing an appropriate 
ionic strength, stable pH and additives have to be used. In alkaline media, S-layers 
show a hydrophobic and a hydrophilic surface. [10] The outer face of this S-layer 
in respect to the in-vivo orientation on the bacterial cell exhibits a net excess 
negative charge at pH values necessary for the reassembly on solid surfaces (i.e., 
pH9). [23] This negative side behaves hydrophilic. The S-layer protein L. 
sphaericus CCM 2177, e.g., reassembles as a monolayer with the hydrophobic 
face in contact with a more or less hydrophobic silicon surface, however makes 
contact with the hydrophilic face in a bilayer structure to the strongly hydrophilic 
substrate surface which has been treated with an oxygen plasma. [24] 
Gold exhibits both a hydrophilic (in the so-called oxide or hydroxide 
monolayer potential region) [25] and hydrophobic surface in the so-called 
electrochemical double layer region. [26] Gold is further oxidized in an anodic 
solid state surface film growth mechanism, which involves the reconstruction of 
the surface. [27] This involves place exchange processes [25] in alkaline 
electrolytes so that the oxidized gold species cannot be completely reconverted to 
Au(0) in the reductive scan under moderate conditions. [28] Moreover the 
oxidation of the surface is not only dependent on the potential, but also on the 
anionic composition of the double layer. This was shown for acidic media, where 
chemisorbed anions (e.g., sulphate) influenced the hydroxide formation on gold. 
[27] Such interfacial structure features provide varying conditions for stable 
surface adsorption of proteins. [29] 
A very important parameter is the point of zero charge (pzc). It depends 
sensitively on minute traces in the double layer and also on the measuring 
technique. Early investigations with the open circuit scrape method yielded a pzc 
of ca. +0.1 V vs. standard hydrogen electrode (SHE), i.e. -0.1 V vs. Ag/AgCl 
when exclusively weakly adsorbing anions such as NaClO4, Na2SO4 , and NaF 
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force microscope. Negative of the point of zero charge, multilayer island 
structures were found. 
 
Introduction 
 
Strategies for the modification and functionalization of inorganic solid supports 
by protein molecules commonly is the application of self-assembled monolayer 
spacers between the substrate and the functional molecules so that their 
denaturation is avoided.[1] Adsorption of biomolecules directly to an electrified 
metal, i.e. to the Helmholtz layer may cause irreversible structural changes due 
the enormous electrical field strengths in the double layer.[1] There are few 
examples that this denaturation dose not take place when a metal electrode is 
polarized positively of the point of zero charge.[2-4]  
An alternative approach to the application of self-assembled monolayers is the 
crystallization of two-dimensional crystalline bacterial protein surface layers (so-
called S-layers) [5] as spacers. [6] Their adsorption behaviour has been 
investigated at various interfaces and surfaces such as Si and Au. [7-9] They 
attracted much fundamental and technological interest in biotechnology, [10] 
biomineralization, [11] biosensorics, [6, 12, 13] and bottom-up nanostructuring 
technologies. [8, 9, 14-17] 
Depending on the protein type a two-dimensional crystal unit cell can be 
constructed by one or more monomer units resulting in various lattice types. The 
lattice constant can vary from 2.5 - 35 nm, and the thickness from 5 – 20 nm. [10] 
S-layers on bacteria are oriented with their negatively charged side towards the 
lipid membrane, and with the opposite normally less corrugated more 
hydrophobic and more or less neutral side towards the environment. [18, 19] The 
inner face exhibits the N-terminal end of the peptide sequence, and is exclusively 
responsible for the attachment to the lipid membrane via the secondary cell wall 
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3 Results and discussion 
 
3.1 Electrochemical control of adsorption dynamics of surface 
layer proteins on gold 
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Abstract 
 
The kinetics and mechanism of the adsorption of the surface layer proteins of 
Lysinibacillus sphaericus CCM2177 on gold depend on the charging conditions of 
the electrochemical double layer and the addition of Ca2+ ions. The electrical and 
mass charging was monitored by an in-situ electrochemical quartz microbalance. 
Adsorption and monolayer formation of the protein molecules occur in the 
positive potential region where solvated anions form the electrochemical double 
layer. The crystalline character of the surface layer was diagnosed by an atomic 
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comprised the electrolytic solution, while the second served as a bleeder to secure 
the electronics beneath from over flowing liquid. This cell could only be used 
non-purged. The holder for the cantilever was out of quartz glass and designed to 
compensate for the different refractive indices of water and air. 
The second option was to use a SPM measurement head with an integrated 
50 µm scanner with sensors. With such a setup, an oxygen free measurement 
setup was realized. 
The measurement cell consisted of one cylindrical piece of PEEK with a large 
hollow for the electrolyte and a smaller hollow in the middle where an electrically 
connected magnet (gold coated) was glued in with epoxy. This magnet was used 
to hold the working electrode (see Flat gold surfaces) that was set above it and 
sealed with silicone to the sides. Two rectangular holes were cut into the cell. One 
opening was closed with a piece of glass and the other with perforated Viton 
rubber. The latter served as interface for Teflon tubes that were used for gas 
purging, exchange channels for the electrolyte and as liquid connector for an 
reference electrode that was placed outside of the cell. Both were glued with 
epoxy. 
A membrane, which was attached to the holder for the cantilever sealed the 
recipient and the opening on top.  
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reflection causes so-called “ghost-bands” in the absorption spectrum that can be 
eliminated by spectra subtraction. In the case of this setup, a spectrum is simply 
measured when the electrode is positioned far away from the IR transparent 
window. This spectrum is afterwards subtracted. 
A further effect occurring in the movable electrode technique is the so-called 
window relaxation. When the electrode is pressed against the window, the latter is 
slightly deformed. Trapped electrolyte (e.g., water) within the thin layer (between 
the window and the electrode) is then released slowly resulting in a kind of drift, 
showing dynamically decreasing water bands. This phenomenon is weaker if the 
thickness of the layer is larger and the window is not deformed that strongly. This 
effect is not very strong, but it can introduce difficulties. Usually the slow decay 
becomes constant after 5 to 30 min. 
 
2.4 AFM 
 
For most experiments, a standard 
Ntegra Aura SPM was used. Two 
options were available. The first was 
to use a fixed cantilever head above 
the measurement cell that contained 
the solution and using a 3 µm or a 
100 µm (with capacitance sensors31). 
For this setup, an electrochemical cell 
consisting of two parts, made of PEEK, was developed. The ground part was only 
used for a magnetic linkage to the piezo-scanner and was screwed to the top part, 
containing the working electrode, and exhibiting two concentrical circular 
chambers (Fig. 36). The first, which was vicinal to the working electrode, 
                                                 
31 These capacitance sensors are necessary to compensate thermal displacements of the piezo-
scanner.  
Fig.36: Electrochemical cell for the AFM 
with ground scanner 
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three individual flow regulators. One, with a higher throughput (Roya Yokogawa; 
0-1600 Lh-1) was connected to the gas diffuser within the box. The others (PKP; 
0-500 Lh-1) were used for purging the spectrometer (180 Lh-1) and a FTIR 
microscope (200 Lh-1). 
 
Electrochemical equipment 
 
A Jaisle IMP83 potentiostat, capable for three-electrode setup and exhibiting a 
current resolution from 0.1 A/V to 1 µA/V was used. The electrical connections 
were made by shielded BNC cables to the box and further, by banana plugs to the 
electrochemical cell. The potential functions were applied by an ADC/DAC 
converter (National Instruments; Ni DAQpad-6015) that was computer controlled 
by a Labview-program (see Appendix A). The latter was specially designed for 
cyclic voltammetric measurements with the feature to stop the potential ramps at 
defined potentials automatically and start an IR measurement. 
 
The outcome of this setup 
 
The RAS setup and the moveable electrode introduce some confinements. In 
Tab. 6 are reflective losses for ZnSe 
stated. These losses come from 
reflections at the boundaries of the 
window. In a RAS setup, the inner 
interface (at the window/ electrolyte 
side) can produce some unwanted 
adsorptions, as there (comparable to 
the ATR technique), an evanescent 
wave is created (Fig. 35). This 
Fig. 35: Schematic representation of the 
reflective losses 
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Characteristics of the setup 
 
The in-situ electrochemical setup consisted of different parts. The IR 
transparent window used in the cell was in all experiments discs out of ZnSe. This 
material exhibits an adequate transmission range in the MIR and an inert chemical 
behaviour. As source, a globar was used, that covers the full MIR and NIR range. 
The internal DTGS covered from 8000 cm-1 to 150 cm-1. The external detector 
exhibited a range of 10000 – 850 cm-1 and S/N higher than 3 x 1010 cmHz1/2W-1, 
which is necessary for step scan experiments. 
 
 ZnSe KRS-5 Si Ge 
Transmission  
range/ cm-1 
20000- 
500 
16000- 
200 
10000- 
100 
5000- 
600 
Refractive index  
at 2000/ cm-1 2.43 2.38 3.42 4.01 
refractive loss  
per surface/ % 17 17 30 36 
Tab. 6: optical properties of some selected IR transparent materials30 
 
The gas purging system consisted of a compressor (Atlas Copco; SF1 p= 10 
bar) coupled to an electronically controlled drain device. The compressed air was 
guided trough hoses, reinforced by steel, passing a drain valve (Atlas Copco) and 
a pressure reducing valve (Atlas Copco; p = 5 bar) to a adsorption drier device 
(Specken Drumag; SAT). The latter is a regenerative system that separates CO2 
and water vapour and releases it to the environment. Further the dried gas passed 
a second pressure reducing drain (Norgen; C.a. p= 0.9 bar) and was distributed to 
                                                 
30 Retrieved from Bruker optics “Guidelines for IR spectroscopiests” 
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3
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13 )sin()sin( n
nφφ =  
Eq. 38: Overall diffraction 
 
This optical path length can be used to calculate the thickness of the thin layer 
x, considering a right triangle (Fig. 34) leading to Eq. 39. 
This optical path length can be used to calculate the thickness of the thin layer 
x, considering a right triangle (Fig. 34) leading to Eq. 39. 
 
2
)cos( 3φdx =  
Eq. 39: Calculation of the layer thickness 
 
Cell alignment 
 
The working electrode had to be grinded as flat as possible in order to ensure a 
thin layer between the electrode surface and the IR transparent window. In order 
to align the ZnSe window and the working electrode parallel the beam of a 
Helium Neon CW laser (HeNe) was directed in an angle of ca. 60° on the working 
electrode and reflected to a wall, in a distance of four meters, where its position 
was marked. Then the IR transparent window, that is opaque for visible light was 
set in and screwed to the cell. The laser beam was directed on the window that 
reflected it also to the wall. The screws, holding the plate that pressed the window 
against an o-ring in the cell, were tightened until the reflected beam matched 
exactly with the position of the working electrode. The electrode and the window 
were perfectly aligned under the assumption that the surfaces of the disc-like 
window were parallel on both sides. 
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Eq. 35: Snell’s law 
 
The light path through the transparent window and the thin layer is depicted in 
Fig. 34.  
According to Snell’s law two diffractions can be considered, the first at the 
atmospheric/ ZnSe interface (Eq. 36) and a second at the ZnSe/ electrolyte (Eq. 
37) interface. With the parameters θ1, the angle of incidence, n1, the refractive 
index of the atmosphere, n2, of ZnSe and, n3 of the electrolyte. 
 
2
1
12 )sin()sin( n
nφφ =  
Eq. 36: Snell’s law for the atmospheric/ ZnSe interface 
 
3
2
23 )sin()sin( n
nφφ =  
Eq. 37: Snell’s law for the ZnSe/ electrolyte interface 
 
The insertion of Eq. 37 in Eq. 38shows that the terms of the ZnSe window 
vanish leading to Eq. 38. The latter is used to calculate the correct angle on the 
surface. This is used to receive the length of the optical path within the absorptive 
zone (the electrolyte) by Eq. 25. If the concentration and extinction coefficient are 
known for a band this path, length can be calculated from the measured 
absorbance. 
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(Thorlabs; LT1) with a base plate (Thorlabs; LT101) and an angle bracket 
(Thorlabs; LT102). By this positioning system, the cell could be adjusted to the 
optimal focal point between the two parabolic mirrors. 
The first alignment was performed 
using the NIR source and the 
respective beam-splitter for the FTIR 
spectrometer. This light-source 
exhibits a small fraction in the visible 
spectral range that could be seen by 
the eye. With the MIR source and the 
corresponding beam-splitter the 
alignment for maximal intensity on the detector had been performed. 
The polarizer was set to transmit parallel-polarized light of the incident light as 
surface selection rules suggest that the interaction with components that are 
adsorbed to a surface perpendicular to it, is the highest. [83] In general it is stated 
that s-polarized light exhibits solely non-surface information and p-polarized light 
both, surface and non-surface. [79] 
Particularly, for the case of p-polarized light, it was found that the maximal 
adsorption is at a grazing incident angle of 88°. However, these investigations 
were not performed in the liquid phase and an angle of 88 ° is usually not 
applicable if an IR transparent window is used in closest vicinity to a metallic 
surface. 
In this work, ZnSe windows were exclusively used, as they exhibit excellent 
transmittance values in the mid-IR region. This material exhibits a Brewster angle 
of ca. 67 ° allowing only p-polarized light to pass the window, and s-polarized 
light to be totally reflected. 
 
Fig. 34: Schematic representation of the 60° 
 geometry 
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The holder for this micrometer was quite similar to the one describe above with 
a few exceptions. Instead of the four-spring setup, a central spring around the 
working electrode was used in order to reduce force on the micrometer. The 
cylinder containing the thrust bearing was made out of PEEK29 insulating towards 
the motorized micrometer. 
This system exhibited the best results probably because of the higher 
positioning precision. 
 
Optical path 
 
The optics for focusing the IR beam 
on the electrode in the electrochemical 
cell was assembled inside the box 
(Fig. 33). The optical exit of the 
spectrometer is separated by a KBr 
window from the environment. 
Through this outlet, the modulated IR 
beam was reflected by a plane mirror 
(Thorlabs; M1) to a second (M2) that 
directs the light to a parabolic mirror 
(Thorlabs, P1). The latter is positioned to focus through a polarizer (Specac; PVD 
aluminium grid on KRS-5 on a rotation stage) on an IR transparent material and 
further on the electrode surface. The reflected light is collected by a similar 
parabolic mirror (P2) and parallelised. P2 directs the light to a third parabolic 
mirror (P3) integrated on the detectors socket focusing the IR beam on the 
semiconductor chip of the detector. All mirrors consisted of vapour deposited 
uncovered gold. The in-situ electrochemical cell itself was mounted on a three 
dimensional positioning device assembled by three independent linear stages 
                                                 
29 PEEK: Polyether ether ketone  
Fig. 33: Schematic representation of the 
optical path with in the box 
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the middle opening and a cylinder was screwed on the back. At the end of the 
sticks a steel plate, that exhibited a hole where a micrometer (Mitutoyo; No.350-
541 007249) with a resolution of 1 µm could be fixed via a screw, was attached to 
the brass sticks (Fig. 31). 
The first attempts with a glued quartz sphere on the brass cylinder fixed to a 
part in the end of the electrode (comp. Polycrystalline gold electrodes) were done. 
This device was used in order to eliminate a possible rotation of the working 
electrode by a single point-contact. Unfortunately, it turned out that the friction 
between the micrometer and the sphere were too high and ablation of the quartz 
happened. This was detected as increased electrolytic adsorption during multiple 
movement steps caused by a thickening of the “thin”-layer. 
To overcome this problem a mechanical force transmission system with less 
friction was designed. This was achieved by the substitution of the cylinder by a 
thrust bearing. This device consists of a hollow braze cylinder holding the thrust 
bearing (Fig. 32) and being connected in between the working electrode and the 
micrometer. For the latter an opening was created at the end of the braze cylinder, 
where the bolt of the micrometer was fixed in. The device had to be adjusted by 
four screws in order to align it coaxially to the working electrode. 
In the case of the motorized 
positioning system a Newport 
compact motorized actuator CMA-
25CCCL in combination with an 
ESP300 (Newport) controller were 
used. The actuator was operated in 
DC mode, capable to be used for a travel length of 25 mm and loads up to 90 N. It 
was feed back controlled in order to keep its position and had a resolution of 0.2 
µm. The ESP300 controller exhibited a RS232 interface establishing 
communication to a personal computer. Therefore, a Labview program (See 
Appendix A) was developed to control the movement, based on ASCII 
commands.  
Fig. 32: Holder for the thrust bearing 
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pump (Ismatec). The latter were used for an exchange of the solution. Inert gas 
(nitrogen or argon) was piped through a washing bottle and then directed into the 
solution in the electrochemical cell. The excess gas was released through the 
large, enveloping silicon tube. In this way, the electrochemical cell forms an 
independent system within the box. 
The second cell was manufactured of steel. Teflon was directly polymerized 
inside the cell and in the end hollows. The dimensions were similar to those 
already described for the Plexiglas cell. This cell can be used for most solvents. 
 
The micro positioning system 
 
One of the most difficult problems that had to be solved was the reproducible 
movement of the electrode to the window to form the thin layer and backwards for 
defined diffusion control. Most positioning systems work with threads, which are 
turned introducing already a problem. The electrode should not change its radial 
position in respect to the IR 
transparent window as this could 
harm the window and will not result 
in similar positioning. Two versions 
of systems for the positioning were 
used, a hand driven and a motorized. 
Both work on a spring-loaded basis in 
order to maintain an immanent 
driving force to the back. 
Four cylindrical steel (and later brass) sticks were screwed on the back of the 
in-situ cell, parallel to the back of the working electrode. On each of these sticks, 
a spring was set and a brass plate with four holes corresponding to the positions of 
the sticks and a large hole in the middle was set on them. In this way, the restoring 
force of the springs is driving the plate backwards. The electrode was put through 
Fig. 31: Holder for the micrometer 
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installed. On the top plate, a hole for the supplement of the LN-MCT detector 
with coolant was drilled. 
In his way, the optical path could be kept water vapour and CO2 free. 
 
The electrochemical cell 
 
Two different cells with very similar geometry but out of different materials 
have been used. A cell, exclusively 
used for aqueous solutions was 
manufactured out of a cuboic block of 
Plexiglas. A cylindrical hole was 
drilled through the long axis into the 
material and serves as recipient for the 
electrolyte. From the top another hole was drilled to connect an optional Plexiglas 
tube, for higher volumes of solutions hosting the cap where the counter, reference 
electrode, and additional in and out lets to the cell were fixed. In the front part, a 
groove was machined to keep an o-ring and the IR transparent window that was 
fixed by pressing a brass plate with four screws to the cell. In this way, the 
position of this window could be adjusted by compressing the seal more or less to 
one of the sides. In the back, the diameter of the cylindrical hole is chosen to 
1.6 cm and a larger opening to host a radial shaft seal. The latter kept the cell 
leak-proof even if a part was moved through it. This part was designed to fit 
properly to the electrodes. 
In the cap, two holes were drilled for the counter (a platinum wire soldered to a 
Pt-sheet) and the reference electrode (see chapter Reference electrodes). A third 
inlet for a standard glass joint 14 (NS14) was cut and connected with a quick fit. 
Through the latter, a glass tube (diameter 1 cm) was set it, connected to a silicon 
tube, and, fixed to the gas inlet of the plate. This construction was used for the 
connection to the gas purging system and the silicon tubes linked to a peristaltic 
Fig. 30: Schematic representation of the  
electrochemical cell 
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The box 
 
The optics for the electrochemical cell had been assembled on an aluminium 
breadboard (Thorlabs; 60 x 60 cm²), that represents the ground part of a sealed, 
custom-made box. The latter was built up by four optical rails (Thorlabs; XE25), 
that were screwed on the sides of the bench and hosting Plexiglas plates, fixed and 
sealed with silicon rubber. On top, a squared frame of optical rails fixed at the 
corners with cubes was set and attached to the box with two frame joints and a 
hydraulic arm in the back. In the front two fasteners were set, in order to tighten 
the closure head to the box by compressing a Viton seal that was glued to the box. 
Openings had to be cut into the Plexiglas plates as entrances and exits to the 
box. On the one side a large round hole was made that faced the optical exit of the 
FTIR spectrometer. To seal the light path a Plexiglas pipe was glued in between 
the box and the spectrometer. In the back, a rectangular opening was made on the 
lower right side with channels for cables to the external detector, the optional 
amplifier, an USB camera, and the motorized positioning device. The cables were 
fixed between to Plexiglas parts and fixed to the plate. On top of the same plate, a 
gas diffuser was installed and connected to the gas-line. On the side, two 
quadratic recesses were cut into the plate one approximately at the position of the 
in situ cell for an exchangeable plate with a round hole for the optional manual 
micro-positioning device that is equipped with a screw. This plate was sealed with 
a high-density polyethylene foil glued to the plate in a way to remain flexible 
enough to operate the screw manually. This plate is screwed to the plate of the 
box and is sealed by sealing tape in between, which is compressed when closed. 
On the same side of the plate, a quadratic hole that was closed by an aluminium 
plate serving as console for all components needed for the electrochemical cell. 
Ten holes were drilled into the plate and the connection via screw connectors 
done. Six BNC connectors, a ground and three holes as gas in and outlets were 
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2.3.3 This instrument 
  
The in situ instrumentation used in this work was continuously improved and 
based on the moved electrode approach, as it provides the highest practicability 
for most experiments. However, it is also the most difficult setup in terms of 
reproducibility of spectra. 
Instrumental necessities: 
 
• A CO2 and water vapour free optical path 
• An in-situ electrochemical cell 
• A micro positioning system 
• Reproducible positioning 
• An optical adjustment system 
 
The spectrometer 
 
The vertex 70.10 spectrometer (Bruker Optics), based on the interferometrical 
principle, was used as IR radiation source, and for the Fourier transformation (FT) 
of the detected light. It is equipped with a NIR (tungsten lamp) and a MIR source 
(globar27). The internal detector is a DTGS28 thermal detector (8000 – 200 cm-1). 
Different to other spectrometer provider the modulation of the IR radiation is 
performed by a pendulum with cube corner mirrors at the edges of a lever. [82] 
This setup avoids difficulties, known from Michelson types, with tilted mirrors 
and calibration of the movable mirror. 
                                                 
27 A siliconcarbid rod 
28 DTGS: Deuterated triglycine sulfate 
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propagation of the light by the evanescent wave at the phase boundary of an IR 
transparent material (e.g., Si, Ge etc.) is the exploited phenomenon. However, in 
this experiments the electrode material has to be deposited on the ATR crystal in a 
very thin layer in order not to inhibit the evanescent wave, hence the availability 
of electrode materials is restricted to a few that can be handled by PVD or 
sputtering techniques and their preparation is demanding. Further, these thin 
layers are sensitive to dramatic electrochemical conditions. In reflection 
adsorption spectroscopy (RAS), all solids that are capable to reflect light can be 
used. 
The thin layer configuration [77, 78] that is needed in FTIR-RAS 
configurations overcomes the problem of a high absorption of the solvent, but 
introduces a problem for the usage in electrochemical experiments. The thickness 
of the layer has to be ca. 1-10 µm which leads to a relatively high electrical 
resistance of the setup and thus to large response times. This situation is critical, 
as demanded potentials will not be applied immediately to the system and 
migration effects may happen (Eq. 9). The reason for this behaviour is the low 
exchange rate of ions with the bulk of the solutions. [79] Especially for faradic 
reactions, the electrochemical models do not fit as in most diffusion control (an 
uninhibited infinite volume in front of the electrode) is assumed. To overcome 
this situation the first suggested method was to drill a channel into the electrode 
and pump the electrolyte through it. [80] By this procedure the concentrations of 
compounds in the thin layer is kept constant. Unfortunately, the method does not 
introduce a defined hydrodynamic situation as in rotated disc systems (RDE) and 
additionally the electrical non-isolated channel provides a large unknown 
electrode surface area making it difficult to calculate current or charge densities, 
that are always needed for data comparison. Another problem is the geometry of a 
mechanical treated electrode, as current densities use to be the highest at edges. 
The alternative to the latter configuration is to use disc electrodes on a movable 
mount [81] in order to enlarge the distance to the IR transparent window if 
necessary.  
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Fig. 27 shows the liquid water adsorption spectrum. Water vapour and other 
components of the atmosphere within the IR beam path can contribute also 
massively to the background. CO2, a linear molecule, with an average abundance 
of 21 % in the atmosphere at sea level exhibits two distinct IR active bands, (Eq. 
22 footnote ) at 2400- 2250 cm-1(Fig. 28). More dramatic is the situation for water 
vapour that exhibits a highly complex rotational-coupled vibration spectrum with 
many very narrow bands in the range of 4000-3300 cm-1 coupled to the 
asymmetric and the symmetric water vibration. In the range of 2200-1200 cm-1 
these rotations are coupled to the bending vibration (Fig. 28).[73-76] 
As water cannot be exchanged by another solvent in a biological system, it is 
necessary to design the experimental setup in a way to reduce these unwanted 
adsorptions as well as possible. 
 
2.3.2 Different instrumental setups 
 
In situ electrochemical IR spectroscopy was performed for a couple of years, 
but even by now, there is no general 
experimental setup, that dominates. 
What they have in common is that in 
all setups Fourier Transform 
Spectrometers (FTIR) instead of 
traditional scanning spectrometers are 
used. The beam path has to be in a 
CO2 and water vapour free 
environment, and the beam path length 
in the in situ cell has to be kept as 
short as possible. The last problem is 
easily solved by an attenuated total 
reflection (ATR) setup, since the 
Fig. 29: Top: ATR technique;  
Bottom: RAS technique  
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mol L-1) is rather high compared to other compounds in the electrolyte. Therefore, 
an aqueous environment exhibits a challenging situation for spectroscopic studies 
in the MIR range. 
 
  νi/ cm-1 ε / mol L-1 cm-1 
ν1 + ν3 + 2ν2 3404.0 100.61 ± 0.02 
ν2 + νL 2127.5 3.46 ± 0.01 
ν2 1643.5 6.34 ± 0.04 
Tab. 5: Band positions and absorptivities of water vibrations [71]  
 
Water is as a nonlinear molecule 
consisting of three atoms and exhibits, 
according to Eq. 22, three molecular 
vibrations. The asymmetric stretching 
vibration ν3 at 3600 cm-1 is at highest 
energy and usually superimposes with 
the symmetric stretching vibration ν1 
at 3450 cm-1 and the overtone of 
bending vibration 2v2 at 3250 cm-1. A 
very broad but low intensity peak is 
observed at 2100 cm-1 that is an 
overlap of frustrated rotations through 
hydrogen bonds that are called the 
libration-modes and the bending 
vibration at 1650 cm-1 ν2 (Fig. 27). 
Beyond that, at lower wavenumbers, a 
significant step, the so-called 
continuum adsorption of water can be 
observed. The latter is also caused by the overlapping bending mode and libration 
modes of lower energies.[72, 73] 
Fig. 27: Mid IR liquid water spectrum, beam 
path CO2 and water vapour free 
Fig. 28: Mid IR spectrum of water vapor and 
CO2 
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2.3 In situ FTIR 
 
Molecular Information gained by in situ IR techniques is very important, as it 
delivers additional data on processes at the electrified interface. From an 
experimental point of view, this technique is demanding and it may be the reason 
why these devices, although already in use since the eighties, are still not 
commercially available. Therefore, this chapter will discuss the important 
problems that have to be overcome in order to set up an instrument that is capable 
to gain useful information. 
 
2.3.1 Water and the atmosphere 
 
In general in situ electrochemical investigations are carried out in a liquid 
medium and are therefore from a spectral point of view the most demanding. 
Band broadening is caused by the motion of the molecules in this relatively dense 
state. Especially in aqueous media, hydrogen bonds worsen the situation, covering 
a broad spectral range from 2700 cm-1 
to 4000 cm-1 by the symmetric, 
asymmetric stretching vibrations (ν1 
and ν3 respectively) and the overtone 
of the bending vibration. The molar 
extinction coefficient ε (Eq. 25) of 
these bands is usually classified as 
medium or weak26, but the 
concentration of water (pure: 18 
                                                 
26 The nomenclature weak, medium and strong are often used in spectral atlases to classify their 
contributions to a spectrum.  
Fig. 26: Different water vibrations 
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during injections of additional components the disturbance of the signal was quite 
low, compared to a parallel setup. 
The QCM can be operated in the three-electrode setup, where one of the 
equivalent electrode sides, faces the surface and is used as working electrode. The 
other side is in contact with air. The reference and counter electrodes are 
connected directly to a potentiostat, different to the QCM that needs an oscillator 
box in between. The latter sends a broadband spectrum to the quartz causing the 
oscillation and amplifies then the resonance frequency (alternating Component 
AC). In parallel, the direct component (DC; current or potential) is applied 
directly by the potentiostat/ galvanostat. A frequency counter is subtracting the 
frequency of the quartz used in the experiment to a reference-quartz embedded in 
the potentistat box, and delivering the signal. This setup determines differential 
resonance frequency in a quick and simple way. 
 
Quantity/ dimension Symbol Value 
Diameter electrode/ mm de 5.11 
Diameter crystall/ mm dq 13.7 
Area of the electrode/ cm² A 0.205 
Density (quartz)/ gcm-3 ρ 2.648 
Shear modulus (quartz)/  gcm-
1s-2 µ 2.947x1011
Fundamental frequency/ MHz f0 8 
Tab. 4: Parameters of the quartzes used in the experiments 
 
Additional problems to those already mentioned come usually from thermal 
drifts causing a frequency shift or bubble formation at the electrode surface during 
electrochemical experiments. 
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solvent. In this way, saturated gas flowed to the cell, keeping the solvent level 
constant. Evaporation of the solvent is usually enhanced by purging with a pure 
substance, and increases the concentration of non-volatile solvated compounds 
(e.g., ions). However, in the case of QCM measurements with such cell 
geometries an additional effect can happen. Even if AT-cut quartzes are used that 
exhibit a transversal wave, a small 
amount of a longitudinal is also 
present [70]. The latter can couple to 
the liquid/gas interface that contributes 
to the measured resonance frequency 
of the quartz. If the liquid/gas interface 
is changed, caused by evaporation, the 
resonance conditions of this 
compression wave are also changed 
gradually. This phenomenon is 
detected as a superimposed damped 
periodical function on the normal 
signal. 
For this reason, a second 
measurement cell was designed 
overcoming the limitation of the 
compression wave coupling to the 
liquid/gas interface. This recipient consists also of three different pieces (Fig. 25), 
but has quadratic form and a higher weight. However, the main difference is that 
the quartz is placed perpendicular to the liquid/solid interface and is not affected 
by evaporation effects. An additional advantage is that if precipitating 
components in the solvent would not sediment on the electrode but on the bottom 
of the recipient. The latter fact can also be an important hint for protein 
depositions. It allows distinguishing between pure sedimentation effects and a real 
surface attachment. The relatively high mass of the recipient allows performing 
experiments without passive damping. Additionally, it was experienced that 
Fig. 24: Modified EQCM measurment 
recipient  
Fig. 25: EQCM experimental setup 
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epoxy resin on it. A hole of 2.5 mm was drilled in the polymer until it reached the 
brass. Finally, a spring contact was assembled by cutting a piece of a copper 
cylinder (diameter: 2 mm) and soldering copper wires to the precise length of the 
drill hole. An overlaying spring was then added employing contact when the steel 
substrate was placed. 
 The electrode was isolated with silicon rubber on the sides. This electrical 
isolation can be removed easily and the electrode can be reused in another 
instrument. 
2.2 EQCM 
 
In an EQCM, experimental setup on 
side of the quartz is used as working 
electrode, and is therefore in contact 
with water. The second electrode on 
the quartz had to be separated from 
the electrolyte, as a contact would 
cause a short circuit and prevent the 
quartz from its vibration. A 
commercial EQCM cell (CH 
Instruments) was used in a couple of 
experiments and was modified for the experimental needs. The cell consists of 
three compartments made of Polytetrafluoroethylene (Teflon). The bottom piece 
that holds the quartz is fixed to the middle part that serves as recipient for the 
electrolyte. The quartz is set between two o-rings and these parts. The top piece 
has holes of different size for the reference and the counter electrode. Further, 
three holes were drilled into the cap as a gas in- and outlet for an inert gas and one 
for the injection of additional compounds (e.g., proteins). During measurements, 
the cell had to be set on a passive damping system that was supplied by a 
compressor, in order to reduce external vibrations and enhance the S/N ratio. The 
purging with inert gas was performed using a washing flask that contained the 
Fig. 23: Standard EQCM measurement 
recipient (CH Instruments) 
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The potentials of the electrodes were measured against a commercial Ag/AgCl 
electrode and exhibited 0 V (±10mV) in the case of the custom-made Ag/AgCl 
electrodes and +0.45 V (±10mV) in the case of Hg2SO4/Hg. The latter was stored 
in triple distilled water containing saturated potassium sulphate. 
 
Electrode mounting 
 
The working electrodes, produced by PVD, were mainly made for AFM 
investigations, but also for standard electrochemical tasks and the in situ FTIR. 
Therefore, a mounting system had to be created in order to transfer electrodes 
from one system to another easily. 
For this reason KPG ® - precision 
bore tubing glass (Duran) were cut 
exactly in the middle and filled with 
epoxy resin (Araldite D; Ciba 
Speciality Chemicals/ hardener 
(HY842) until 5 cm of the thinner 
glass part were filled. After 
solidification of the polymer a ring 
magnet (Monstermagnets: outer 
diameter: 8 mm; inner diameter: 
3 mm) was placed in a way that the 
surface of the magnet was parallel to 
the bottom of the glass. Epoxy resin 
was filled in covering the magnet 
until it reached the thicker part of the 
glass. Then a brass cylinder with an M6 internal thread (diameter: 12.5 mm) was 
pressed in and left in the drying cabinet for twelve hours. The cap of the tubing 
glass was cut just one millimetre lower than the magnet leaving a thin layer of 
Fig. 21: Production of the electrode mounting 
Fig. 22: Production of the electrode mounting 
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13 12,5 1,05E-05 0,00684 0,08  
14 12,5 2,10E-05 0,013684 0,08 soft 
15 20 1,32E-05 0,013684 0,04 hard 
16 15 1,76E-05 0,013684 0,04 very hard 
17 12,5 2,11E-05 0,013684 0,04 soft 
18 10 2,63E-05 0,013684 0,04 soft 
19 7,5 3,50E-05 0,013684 0,04  
20 5 5,23E-05 0,013684 0,04  
21 15 1,76E-05 0,013684 0,04  
Tab. 3: Teos 
 
Reference electrodes 
 
Different reference electrodes were used in the electrochemical experiments. A 
silver/silverchloride (Ag/AgCl/ KCl 3 molL-1; +0,197 V vs. SHE24) electrode 
(Metrohm 6.0724.140) was mainly used in in-situ FTIR experiments and for the 
determination of the potentials of other smaller custom-made reference electrodes 
(mainly for EQCM and in-situ AFM). 
A silver wire coated with silver chloride (CHI 111) was set into a glass tube 
(inner diameter: 2.3 mm; outer; 3.8 mm; length: 53 mm CHI113) and closed at the 
electrolyte side with a cap made of thirsty glass25 (CHI114). The tube was filled 
with aqueous potassium chloride solution (3 molL-1) and the electrodes were 
stored in the same solution. The same tube and cap was used for production of 
mercury sulphate electrodes. The recipient was filled with mercury sulphate 
(Merck; p.A.), then with mercury and finally a platinum wire was inserted 
contacting both phases. 
                                                 
24 SHE: Standard Hydrogen Electrode 
25 permeable glass  
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For this purpose, tetraethyl-orthosilicate (TEOS; Merck-Suchardt; for 
synthesis) was used as the monomer in triple distilled water. As a catalyst for the 
condensation reaction ortho-phosphoric acid (Merck; for analysis) was used. 
Various combinations of the components (Tab. 3) were tested in order to get a gel 
that is capable to bind muscovite mica to the steel support. In all cases, phosphoric 
acid was diluted in water and during stirring TEOS was added. After 3 hours, a 
droplet of the solution was pipetted on the solid support and a mica disc was 
pressed on top. The sample was then transferred to a drying cabinet and its 
attachment was controlled cleaving mica with adhesive paper. The rest of the gel 
was left at room temperature without stirring for solidification. These 
observations are summarized in Tab. 3. The best combination that was further 
used as adhesive agent was number 16. 
 
Sample  
Number 
TEOS 
 / g 
c(H3PO4) 
/ moll-1 
V(H3PO4) 
/ L 
V (H2O) 
/ L 
Observation
1 5 2,60E-05 0,00684 0,07316  
2 7,5 1,74E-05 0,00684 0,07316  
3 10 1,31E-05 0,00684 0,07316  
4 12,5 1,05E-05 0,00684 0,07316  
5 15 8,76E-06 0,00684 0,07316  
6 20 6,58E-06 0,00684 0,07316  
7 5 2,62E-05 0,00684 0,04  
8 7,5 1,75E-05 0,00684 0,04 soft 
9 10 1,32E-05 0,00684 0,04  
10 12,5 1,05E-05 0,00684 0,04 soft 
11 15 8,78E-06 0,00684 0,04 soft 
12 20 6,59E-06 0,00684 0,04  
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are achieved which can be stored as long as they are not removed from their 
templates. 
 For this preparation, high quality muscovite mica (Plano, 25 mm²) sheets were 
freshly cleaved with adhesive paper and transferred to the high vacuum apparatus. 
Ten layers of gold (99.99%; Plano) were deposited consecutively in order to result 
in a 700 nm thick gold layer. A two component, conductive epoxy resin (ITW 
Chemtronics, CW2400) was mixed in ratio 1:1 for a minute and coated on the 
support (steel disc 10mm diameter). The support was pressed on the gold layer 
and placed in a drying cabinet at 70° C for 12h. The electrodes are mechanical 
removed by pulling.  
 
Inorganic glue 
 
In order to anneal deposited gold surfaces and acquire smoother surfaces, 
temperatures of ca. 350° C are necessary. Usual carbon based adhesive layers will 
not sustain this treatment, hence inorganic attachment agents have to be used.  
A procedure, based on the sol-gel process [69], is used to bind muscovite mica 
discs to a steel support. This synthesis strategy builds up networks of multivalent 
inorganic elements (e.g., Si, Al) out of their alkoxides, by partial hydrolysis (Eq. 
33) of the latter in an aqueous medium and a consecutive condensation (Eq. 34) to 
polymers. 
 
Si(OEt)4 + H2O ? Si(OEt)3OH + EtOH 
Eq. 33: hydrolysis of TEOS 
 
2 Si(OEt)4 ? (Si(OEt)3)2O + H2O 
Eq. 34: condensation of TEOS  
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is most probably caused by the evaporation conditions, as this setup did not allow 
the heating of the sample and low evaporation rates. 
 
 
Au(before 
annealing) 
Au (after 
annealing) 
Quartz
rms Height difference/ 
nm 
66 24 29 
rms roughness/ nm 19 4 4 
Tab. 2: comparison of annealed, non annealed to a commercially purchased gold surface 
Unfortunately, the reject rate was quite high due to the thin layer off gold that 
was stripped off in several cases in 
contact with water. Possibly a weak 
adhesion to the supportive mica or the 
shrinking of the isolation material 
could have caused these defects. 
 
Template stripping technique 
 
As in the direct procedures, flat surface of muscovite mica, silicon and other 
surfaces are used for the deposition of, e.g., gold. However, instead of being the 
support of the electrode the flat 
substrate serves only as template [67, 
68]. The support (e.g., steel disc) is 
then adhered by a conductive epoxy 
resin to the outmost gold layer and 
stripped off its template, keeping the 
previously deposited layer. In this way, a surface is prepared that represents an 
imprint of the flat surface. An advantage of this technique is that very flat surfaces 
Fig.19: Procedure for direct coating on mica 
Fig. 20: Template stripping technique 
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in a tungsten boat (Plano) was initiated by applying a high voltage at a pressure of 
at least 50 µPa. The gold wire was melted to a droplet and then quickly 
evaporated. The thickness of the gold layer depended on the quantity of gold (c.a. 
5 mg) and on the distance of the sample to the tungsten boat. Under these 
conditions, the average thickness was 70 nm per evaporation step23. Therefore, a 
second step was performed. 
The topography of this surface was investigated by AFM in contact mode (Fig. 
16), which showed a closed surface 
with a roughness of 19 nm (Fig. 17; 
Tab. 2). The electrode was then 
transferred to a tube furnace and 
heated to 400 °C in a hydrogen 
atmosphere for 24 hours. After this 
annealing procedure, the surface 
exhibited a lower height difference and 
a lower roughness (Tab. 2). These 
electrodes were then compared with 
gold-coated QMB (CH instruments). 
Both surfaces (Fig. 17 and Fig. 18) 
shows clearly that small grains of c.a. 
50 nm, that are well corresponding to 
literature [66] are present at the non 
annealed one while the heat treated is 
showing grains of up to c.a. 200 nm. 
The advantage of this technique is 
that the top part of the steel substrate is 
covered by a gold layer, thus only an 
electrical isolation on the side parts is necessary. However, these surfaces have, 
compared to other techniques described in the literature, a greater roughness. This 
                                                 
23 This was controlled by lifting a part of the surface with adhesive paper and measuring the height 
at the edge by AFM.  
Fig. 18: Roughness analysis of an annealed 
 gold surface 
Fig. 17: Roughness analysis of a non-
annealed gold surface 
Experimental 
 
 
___________________________________________________________________________________________________ 
___________________________________________________________________________________________________ 
 
- 37 - 
 
developed. Commonly silicon or muscovite mica22 is used as a flat support for the 
deposition of gold via physical vapour deposition (PVD) [58-62] and sputtering 
[61, 63, 64]. In the case of silicon supports the deposition of a chromium or 
titanium (1-10 nm) adhesion layer [54, 55, 65] is recommended due to the 
presence of a native oxide layer. However, chromium oxidizes readily in contact 
with the atmosphere, so that both steps 
should be done under oxygen 
exclusion. The quality of the surface, 
in terms of smoothness, is determined 
mainly by the growth conditions. In 
general, freshly cleaved mica is baked 
for 12 hours at c.a. 500 °C and is 
coated by evaporated gold with low 
evaporation rates (0.1-0.5 nm s-1) in a 
high vacuum chamber. The ideal 
thickness of the layer lies between 100 
and 250 nm. These electrodes are annealed afterwards at c.a. 300° for at least 12 
resulting in a surface with large Au (111) domains (100 nm²). 
 
Direct Evaporation on Mica 
 
In order to prepare appropriate electrodes for different instrumental setups 
muscovite mica supports were chosen for the PVD of gold. Muscovite Mica 
sheets (Plano) were blanked to discs of 8 mm diameter that were attached to steel 
discs (diameter: 10 mm) by an inorganic glue (vide infra). After solidification (at 
least 24 h) the mica was cleaved by adhesive paper and placed in a high vacuum 
chamber (custom-made, equipped with a turbo molecular pump; Balzers TPG 
300). The evaporation of a piece of gold wire (99.99%; Plano), which was placed 
                                                 
22 K Al2(OH, F)2(Al Si3O10) 
Fig. 16: AFM micrograph of a gold surface 
before annealing (600 x 600 nm) 
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thread and an end diameter of 1.15 cm (Fig. 14; Step 1). In the workshop, the 
diameter of the electrodes was reduced to 0.8 and 1.1 cm resulting in areas of 0.5 
and 1 cm². These parts were electrically isolated by epoxy resin. The latter 
(Araldite D; Ciba Speciality Chemicals) and the hardener (HY842) were heated to 
60 °C in a drying cabinet, strongly mixed (ratio; resin: hardener; 5:2)21 and 
degassed (3 times until foam did not form any more) in a glass hood by an oil 
pump vacuum. The warm mixture was poured in a plastic recipient where the 
electrode holders were already placed. After hardening (24 h in at 60 °C) the 
excessive resin was removed mechanically in the workshop (Fig.14; Step 2) and 
an additionally groove for an o-ring was formed. The electrodes were grinded 
with abrasive paper (1200, 2400 and 4000 mesh consecutively; SiC Buehler). 
These electrodes were rinsed with triple distilled water and cleaned in an 
ultrasonic bath. For the isolation and a general use in various setups the end 
diameter of the brass holder was set to 1.15 cm in order to fit into KPG ® - 
precision bore tubing glass (Duran) that exhibit a very precise outer diameter of 
1.6 cm (± 0.01 mm). The thicker part of the glass is cut out with a low speed 
diamond saw (Buehler Isomet) and 
grinded by emery paper (SiC: 
2400 mesh). The electrode is set into 
the glass tube and tightened by a brass 
thread rod (M5) to a brass part at back that can be electrically connected (Fig. 15). 
 
2.1.2 Flat gold surfaces  
 
In general, the requirement for SPM investigations is an extremely flat surface, 
especially in cases where features have to be elucidated, that are in the range or 
below the usual surface roughness of polycrystalline electrodes. For this reason, 
methods for the production of such electrodes based on epitaxial growth were 
                                                 
21 This combination is chosen as a resin resisting aqueous solutions 
Fig. 15: Complete electrode  
Experimental 
 
 
___________________________________________________________________________________________________ 
___________________________________________________________________________________________________ 
 
- 35 - 
 
If this step is performed easily, as on Platinum surfaces, a second proton is 
discharged the same way. Both leave the surface as gaseous hydrogen gas. 
 
2Had ? H2 
Eq. 31: Tafel step 
 
On mercury, the adsorption step is highly energetically unfavourable and 
therefore, the reaction of an adsorbed proton with another, in the solution, is the 
dominating reaction. 
 
H3O+ + Had +e- ? H2 +H2O 
Eq. 32: Heyrovsky step 
 
On gold, both oxidation reactions happen in parallel. 
 
2.1.1 Polycrystalline gold electrodes 
 
Electrochemical theories are based on mass flux (comp. Considerations) and 
are therefore dependent on the area of the electrode and on its form. Most 
analytical approaches deal with disc electrodes since the mathematical models 
have simply solutions. 
For the production of useful 
electrodes, gold rods (Ögussa; purity 
24 carat) with diameters of 0.6 and 
1.2 cm and 5 mm height were soldered 
on brass holders with an M5 internal Fig. 14: Preparation of polycrystalline 
electrodes 
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Gold is useful for electro-analytical studies in aqueous media, as it has medium 
exchange current densities for the electrolytic hydrogen and oxygen evolution and 
therefore a broad range where it is polarisable (1.2 V). 
 
Physical quantity Value 
density/ gcm-1 19.32 
melting point/ °C 1064.4 
boiling point/ °C 2660 
Au/Au+ / V 1.69 
Au/Au3+ /V 1.5 
Au+/Au3+ / V 1.4 
atomic radius/ Ǻ 1.442 
electro-negativity/ eV -2.31 
1st ionisation Energy/ eV 9.22 
Tab. 1: physical and chemical properties of gold [36] 
 
 
The limits of the usability of gold in electro-analytical applications are the gas-
producing reactions when the solvent is consumed. On the cathodic side, the 
reduction of water to hydrogen is found as a two-step mechanism. The first step 
involves the reduction accompanied by an adsorption of a proton to the metal 
surface. 
 
H3O+ + e- ? Hads +H2O 
Eq. 30: Volmer step  
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2 Experimental 
 
Biotechnological processes are very complicated due to the fact, that the 
involved molecules are rather large and sensitive to environmental conditions 
differing from the physiological. In the case of proteins many interactions, caused 
by functional groups situated on the sides of the peptide backbone have to be 
considered. In general, most of these groups are responsible for the proper folding 
of the protein and the rest for its solubility and physiological tasks. Therefore, the 
matrix (solvent) has to be chosen properly and its interference with experimental 
techniques reduced as good as possible. 
The interfacial process of protein adsorption under control of the 
electrochemical potential has to be elucidated in order to get information on its 
properties and the applicability for further technological relevant electrochemical 
process, e.g., lithographic mask for the fabrication of nanoparticles. For this 
reason, methods and supplementary equipment have been adopted in order to 
control the surface state and get additional information on the involved processes. 
 
2.1 The working electrode  
 
The most often electrode material used in sensorics and bio-applications is 
gold. It is classified as noble metal, due to its high first ionisation energy and the 
highest value of electro-negativity of all elements (Tab. 1). Therefore, gold is inert 
under normal conditions and exhibits practicable physical properties (Tab. 1). 
From an analytical point of view, gold is easily cleaned as it does not react with 
most acids (only with highly oxidizing acids) and from a mechanical aspect, it can 
be grinded and polished easily. Different to others this metal does not exhibit an 
oxide layer or is readily contaminated when it is exposed to the atmosphere and is 
relative inert for ionic interactions. [54-57] 
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Contact force mode 
 
In this mode, the force-feed-back loop is used. The latter adjusts the 
displacement of the scanner in such a way, that the bending of the cantilever is 
maintained constant (constant DFL value). The advantage of this technique is the 
additional measurement of the height signal to the deflection. The height is 
adjusted by voltage used for the scanner and is usually calibrated, delivering the 
real height surface features. 
 
Force Distance Curves 
 
Different to the previously described techniques in force-distance 
measurements the sample is not scanned. On a chosen point, the distance to the 
probe is changed linearly and the DFL is recorded. This measurement elucidates 
the surface interactions with the probe.  
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back of its cantilever, which acts as a mirror, on a segmented diode (detector). 
The signal on the diode can then be placed into its mid position in order to detect 
longitudinal and lateral bending of the cantilever, which is caused by interactions 
with the surface. A key component of an SPM is the feed back loop, which 
controls the z-displacement of the piezotube in order to maintain a constant signal 
on the detector. 
 
xkF Δ⋅−=  
Eq. 29: Hook’s Law 
 
Most interactions of the probe with the surface are Van der Waals forces. In the 
case of measurements at the solid/gas interfaces capillary forces, caused by a thin 
water film at the surface will also contribute to the interactions on the cantilever.  
 
1.7.1 Modes of operation 
 
Constant height mode 
 
The z-displacement of the piezotube is kept constant hence the cantilever will 
bend according to every surface feature. This movement is detected by the 
segmented diode. 
The advantage of this method is that it can be operated at high scanning speed, 
but as the cantilever has a finite flexibility, it can be used exclusively for smooth 
surfaces. This technique delivers deflection micrographs. 
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Jacquinot advantage 
 
This positive effect comes from the usually circular aperture used in FTIR 
systems, because no slit is needed as in traditional instruments. This setup allows 
a higher energy throughput to the detector, which is important since IR sources 
exhibit low intensities. 
 
1.7 Scanning probe microscopy 
 
In the 1980ies, new microscopes, able to scan the surface at the atomic scale, 
were introduced on a new principle. The scanning tunnelling microscope (STM) 
was the first one to be developed. This instrument based on the quantum-
mechanical tunnelling effect that exhibits a current between a conducting sample 
and an extremely sharp wire. For insulating materials, the atomic force 
microscope (AFM, Fig 13) was later introduced that based on Hook’s law, but has 
a comparable resolution. 
The AFM consists of a piezotube that is capable for displacements (comp. page 
17: converse piezoelectric effect) that are smaller than a nanometre, a very sharp 
probe (vide infra) and an appropriate 
detection system. 
 The probe consists usually of a 
silicon or a silicon nitride chip that is 
lithographically etched in a way to 
form a cantilever with a very sharp tip 
(standard: apex curvature of <10nm). 
This chip is placed in a holder where 
a laser ray (e.g., HeNe CV laser) is 
adjusted manually to reflect from the 
Fig. 13: Schematic representation  
of an AFM setup 
Introduction 
 
 
___________________________________________________________________________________________________ 
___________________________________________________________________________________________________ 
 
- 29 - 
 
∫∞
∞−
= δπνδδν dIS D )2cos()()(  
Eq. 28: Fourier transformation of an interferrogram 
 
As demonstrated above in the interferometer technique the bandwidth (spectral 
range) is dependent on the largest displacement of the movable mirror. At that 
time the complete information of wavelength are available. [53] 
 This experimental setup exhibits different advantages. [51-53] 
 
Connes advantage 
 
The displacement of the mirror is detected by a parallel HeNe laser ray (λ = 
633nm; ν = 15800 cm-1) and its zero crossings20 (I = 0 at λ/2) is used for the 
digitalization of the spectrum. This results in a theoretical spectral resolution ca. 
Δν 0.3 µm. As the accuracy of the determination of the mirror position is only 
dependent on the precision of the laser wavelength and the Δx is inversely 
proportional to Δν, these quantities exhibit the same error. Therefore FTIR 
spectrometer have a built in wavenumber calibration of practically 0.01 cm-1. 
 
Fellget advantage 
 
FTIR spectrometers detect practically all wavelengths at once which is a 
multiplexing advantage compared to traditional wavelength scanning 
spectrometers. The measurement time in interferometric detections is solely 
determined by the time the mirror needs to move to its maximal position. 
 
                                                 
20 Destructive interference, hence intensity minimum on the respective detector 
Introduction 
 
 
___________________________________________________________________________________________________ 
___________________________________________________________________________________________________ 
 
- 28 - 
 
beam-splitter is set in the light path from the source an angle of 45° reflecting the 
light partly on the fixed mirror and the rest on the movable. After its reflection, 
the light recombines, and leaves the interferometer to the detector. For 
monochromatic light passing this path two extreme condition can be described. If 
the moveable mirror is at a position Δx that is an integer multiple of the 
wavelength, then the recombined waves are interfering constructively. In case of a 
position, which is an odd integer of the half wavelength, destructive interference 
is the result. Therefore, the defined movement of the mirror is modulating the 
light as function of the mirror position that is converted to a time component 
easily if the movement of the mirror is preformed with constant velocity. The 
signal (Eq. 26) recorded by a detector consists of a DC component and an AC. 
The latter is called the interferogram, which is needed for the construction of the 
spectrum. [51-53] 
 
[ ])2cos(1)(5.0)( πνδνδ += SI D  
Eq. 26: Intensity function of monochromatic light (AC and DC) component 
 
However, a broadband spectral detection is wanted and therefore polychromatic 
light is used so that the interferogram is also consisting of a superposition of all 
involved wavelengths. The total intensity is then given by Eq. 27. 
 
∫∞=
0
)2cos()(5.0)( νπννδ dtSI D  
Eq. 27: Intensity function of polychromatic light (AC) 
 
Such an interferogram exhibits all spectral information of the light. It can be 
converted by the Fourier Transformation (FT) and results in a spectrum (Eq. 28). 
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spectra of the molecular rotations that are coupled to different vibrations can be 
resolved and build up the IR band while in solids only vibrations are visible. The 
liquid state delivers usually very broad bands as the rotations are hindered by the 
low free path length of the molecules and cannot be resolved. An extreme case of 
band broadening is found in polar liquids that exhibit hydrogen bonds (e.g., water, 
carbon acids, alcohols, etc.) and is caused by the high exchange rate of the 
protons. 
 
1.6.3 The Michelson interferometer 
 
Traditionally the first IR spectrometers that were introduced based on the 
classical wavelength scanning setup where the light of the source is separated 
after the interaction with the sample in its spectral components by a dispersive 
element (e.g., prism or grid) and is guided to the detector. The resolution is 
determined by the exit slit of the dispersive element. This setup is still very 
successful for UV/VIS techniques, but problems in IR measurements were 
encountered. The spectral range in the IR is much larger than that of the UV/VIS 
resulting in larger scanning times. Additional IR radiation has much less energy 
and the detectors tend to be quite noisy. Therefore, many scans are necessary to 
acquire good spectra. 
In comparison spectrometers based 
on the interferometer technique 
overcome, some of these constrains. 
The Michelson interferometer consists 
of three mirrors. One of them is partly 
reflective (beam splitter; ideally 50% 
permeable and 50% reflective) another 
is movable and the last is fixed. The 
mirrors are placed in a way that the 
Fig. 12: schematic representation of a 
Michelson interferometer 
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A better representation is the adsorption spectra, which is simply introduced by 
Eq. 24. This quantity makes more physical information available (vide infra). 
 
( ) ⎟⎟⎠
⎞
⎜⎜⎝
⎛−=−=
0
1010 loglog I
ITA  
Eq. 24: Absorbance spectra 
 
The peak intensity of an IR spectrum comes from two different effects. On the 
one hand it depends on the quantity of the vibrations in a molecule (e.g., for 
ethane 6 C-H and 1 C-C bond), and on the other hand the change of the dipole 
moment in respect to the distance. These physical phenomena are described by the 
absorbtivity ε that is a function of λ and is usually given for the maximum 
intensity of an IR band. 
Additionally the concentration of the molecule will increase all its vibration 
bands. This functional relation is represented by Eq. 25 where the absorbance A 
stands for the observable, c the concentration of the species and d the optical path 
length. 
 
cdA )()( νεν =  
Eq. 25: Beer’s Law 
 
The peak shape of infrared spectrometers can also deliver important 
information on the properties of the samples. Depending on the sample’s state of 
matter molecular vibrations exhibit different force constants k, hence different 
peak positions and, different band shapes19. In gas phase, usually the fine line 
                                                 
19 The term band is usually used in IR spectroscopy, because of their broadness. 
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2)( )1( 0xxae eDV
−−−⋅=  
Eq. 21: Morse potential 
 energy function 
 
In molecules as, e.g., water more than one vibration, respectively three, are 
possible. This quantity can be calculated by Eq. 22, where DF17  is the number of 
possible vibrations and N the number of atoms of the molecule. 
 
63 −= NDF  
Eq. 22: number of vibrations  
in a non-linear molecule18  
 
1.6.2 The IR spectrum 
 
IR spectra are usually presented as transmission or absorbance spectra and the 
x-axis is given in wavenumbers (cm-1). The detected spectrum is called single 
channel spectrum I(λ), has the shape of the radiation (black body radiation) of its 
source with missing intensities in the ranges where present oscillators (analytes) 
absorb the radiation. I divided by a reference spectrum (e.g., absence of the 
analyte) I0(λ) gives a transmission spectrum (Eq. 23). The presence or absence of 
absorbing species is represented as deviations from a hundred percent line. 
 
T
I
I =
0
 
Eq. 23: transmission spectra 
                                                 
17 Degrees of freedom 
18 DF=6N-5 for linear molecules 
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The simplest physical model for a chemical bond is the spring that is described by 
Hook’s Law. Integrating the latter 
is leading to the potential energy 
function V(x) (Eq. 20). This has a 
parabola shape (Fig. 11, grey 
curve) which is valid for small 
displacements from x0 (the 
equilibrium position) but fails for 
larger, because it is not able to 
account for the dissociation of a 
molecular bond. For this reason, 
the model of the anharmonic 
oscillator (Fig. 11, black curve) is introduced. A model function that describes 
V(x) well is the Morse Potential (Eq. 21). 
Comparing both models the description of the harmonic oscillator shows equal 
contributions for the interaction between two atoms, the quantum-mechanical 
selection rule Δl= ± 1 and equidistant energy levels. The anharmonic model is 
contributing a stronger repulsive than attractive term and allows selection rules 
Δl= ± 1, 2, 3 that introduce overtones (Δl= ± 2, 3). The distances between energy 
levels are also smaller with increasing Δl values, describing the physics of the 
molecular vibration better. Overtones will exhibit lower intensities and will be 
detectable at slightly lower values than an integer multiple of the fundamental 
excitation frequency (Δl = ± 1). In both approaches, the strength of a bond is 
directly related to its force constant k and therefore to the energy of the 
corresponding vibration, which is influenced by the masses and the partial charge 
of the involved atoms. Therefore, the same bond will have a slightly different 
absorption frequency if the next atom has an influence on the observed bonding. 
 
Fig. 11: Graphical representation of Morse  
and harmonic energy function 
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1.6 Infrared spectroscopy 
 
Infrared (IR) radiation is situated at lower energies than visible light and is 
classified to three different domains in the range from 780nm to 1mm. Those are: 
 
• Near infra red (NIR: 0.78 to 1.4 µm) 
• Middle infra red (MIR: 1.4 to 50 µm) 
• Far infra red (FIR: 50 to 1000 µm) 
 
IR radiation usually excites vibrations of single chemical bonds (MIR/ NIR), of 
a whole group16 (FIR) or electronic transition from a bonded state to a non-
bonded state (NIR) as in UV/VIS spectroscopy. 
 
1.6.1 The molecular vibration 
 
The criterion for a photon to cause the transition of a molecular vibration is that 
the dipole moment is changing periodically during the motion of the atoms. 
 
2
0 )(2
1 xxkV −=   
Eq. 20: Potential energy function 
of the harmonic oscillator 
 
                                                 
16  Chemical group e.g. CH3- 
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polished quartz and smooth electrodes are of major importance for a clear 
interpretation of QCM signals. 
 
Interfacial Slippage 
 
Sauerbrey’s equation was derived under no slip conditions, which means that 
the adsorbed film is following the movement of the quartz instantaneously due to 
a tight binding to the surface. If this condition is not fulfilled, the decay length and 
the effective thickness will be altered and results in a reduced frequency compared 
to the no slip condition. 
A study [46] showed that frequency shifts for surfaces with attached 
hydrophobic bi-layers were reported, that were slightly different to those of 
hydrophilic monolayers. 
Unfortunately, there was a lack of information about the preparation of the 
EQCM, and the measured effects could have come from surface roughness 
effects, vide supra. 
Other types of events that may lead to difficulties in the interpretation of the 
QCM Signal are: 
 
• Surface stress: is important if metals are deposited [47-50] 
• Non uniform mass distribution [40] 
• Viscoelastic effects: important if non crystalline layers are 
deposited [40] 
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changing amplitude of the acoustic wave, as the thickness of the layer is the 
largest in the middle of the electrode [42]. 
 
High Mass Loads 
 
One critical point is a high mass load on the QCM; if the load exceeds c.a. 2% 
of the mass of the QCM itself, it is recommended to do a Z-match. The latter can 
be used for corrections of mass loads up to 10% of the QCM weight, but it is 
necessary to know the shear modulus and the density of the newly formed film. 
[40] 
 
Surface Roughness 
 
 Studies [43-45] of the oxidation of gold electrodes in neutral and basic media 
showed differences of the recorded mass and charge. These were correlated to 
trapped water molecules in surface cavities that formed after the oxidation. This 
was modelled by a rigid layer with a mass ΔmL Eq. 19. 
 
2
Ad
m LL
ρ=Δ  
Eq. 19: rigid layer 
 
Surprisingly STM15 measurements showed larger cavities than the estimation 
from the rigid layer model. The conclusion is that approximately 80% of the 
frequency shifts could be attributed to roughness effects. This means, that 
                                                 
15 Scanning Tunneling Microscope 
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A
mt
q
q ρ
Δ=Δ  
Eq. 17 
 
After substituting for the vtr (Eq. 15, right side) and Δtq (Eq. 17) one obtains the 
well-known Sauerbrey equation (Eq. 18) 
 
qqA
mf
f ρμ
Δ−=Δ
2
02  
Eq. 18: Sauerbrey equation [41] 
 
This is the important relation for the usage of a quartz crystal as a balance, and 
therefore making it a valuable diagnostic tool. 
 
1.5.1 QCM data analysis 
 
Remembering the conditions for acquiring Eq. 18, that allows the conversion of 
the resonant frequency to a mass it is obvious that difficulties can be encountered. 
It is important to state, that the frequency signal itself has the information density 
of the experimental setup, but the correlation to the mass may be altered. 
 
The Electrodes 
 
The electrical field, which is responsible for the oscillations of the QCM is 
applied by electrodes, which are sputtered or evaporated (vide supra). This results 
in a distribution over the layer thickness that has a Gaussian profile and leads to 
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In this case, the quartz surface represents an antinode, which determines the 
wavelength λ of the fundamental oscillation. If the layer becomes thicker, the 
wavelength is increasing as well. 
 
q
q
q
q
tr
tt
vf
220
ρ
μ
==  
Eq. 15: resonance condition of an AT - cut quartz 
 
14 This automatically assumes, 
that particles, which are displaced 
continuously across the surface, can be 
described mathematically as a 
“composite resonator” model in which 
deposition is treated as an increase in 
the amount of the thickness of the 
quartz. For the simplification of this 
model, it is usually assumed that the 
acoustic properties of the new layer 
are similar to that of the quartz. 
A change in frequency Δf of the quartz is related to a change in of the thickness 
Δtq and by substitution with Eq. 15 one gets Eq. 16.   
 
trq
q
v
tf
t
t
f
f Δ−=Δ−=Δ 0
0
2
 
Eq. 16 
                                                 
14 *Fig. 11 from: [40] D.A. Buttry, M.D. Ward, Chem Rev, 92 (1992) 1355-1379. © [1992] ACS 
Fig. 10: Schematic representation of the  
transverse shear wave in a quartz crystal 
 before and after deposition * 
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is originally adapted from the QCM that consists of a thin quartz disc in an AT11 – 
cut. 
Single crystals that are acentric12 have a polar axis since dipoles are associated 
with the orientation of the atoms in the lattice. Such a crystal is able to charge 
under stress, because atoms are shifted and the dipoles are displaced. Mechanical 
stress on an appropriate direction will cause a macroscopic dipole of the whole 
crystal, because crystal faces will be electrically 
charged. The degree and direction of this effect 
depends on the relative orientations of the 
crystal phases. 
If the effect is inverted (converse 
piezoelectric effect), by applying a direct 
voltage instead of mechanical stress, the crystal 
phases will arrange their dipoles according to 
the fundamental electrostatic principle of 
charge repelling and attraction. This mechanism 
forces the crystal to change its shape caused by 
shifts of the crystal faces and is called the shear motion. Application of a voltage 
results in an elastic13 shear strain and a reverse polarity of the electrodes will 
cause the reverse effect (Fig. 9).  
The consequence of this property is that one can force a periodical motion with 
amplitudes parallel to the surface, by applying an alternating current (AC) via two 
sputtered (respectively evaporated) electrodes. This motion establishes a 
transverse acoustic wave, which propagates across the thickness of the crystal and 
is reflected at the surface. By choosing the thickness, tq properly via the condition 
2tq one obtains a standing wave (Eq. 15).  
                                                 
11 AT – cut crystals are obtained by cutting a thin slice, at an angle of approximately 35° out of a 
crystal rod, with respect to its x - axis 
12 acentric: materials, which form crystals that belong to a non-centrosymmetric space group, e. g. 
quartz, Rochelle salt, tourmaline  
*Fig. 9 from: [40] D.A. Buttry, M.D. Ward, Chem Rev, 92 (1992) 1355-1379. © [1992] ACS 
13 For quartz it is elastic 
Fig. 9: schematic representation 
of the inverse piezoelectric effect* 
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Voltammetry). Until the maximal current is reached surface concentration is 
decrease by the oxidation reaction, and mass flux sets in. At maximum current, 
the rate is the highest and beyond this point, the reduced form depletes rapidly 
resulting in a limiting current where the surface concentration is zero. The 
cathodic scan is similar to the previous, with reductive currents and a shifted 
maximum to more negative potentials. The shape of these curves changes with v 
and in combination with other parameters as peak currents and potentials it is 
possible to elucidate reaction mechanism. [39] 
 
1.4.5 Three electrode technique 
 
In general, the three-electrode technique is set up with a working electrode 
(WE), a reference electrode (RE) and a counter electrode (CE) for an accurate and 
reproducible determination of electrode potentials. In this case, a potentiostat 
controls and measures the potential between RE and WE that are connected in 
parallel. The RE exhibits a stable potential due to its construction. Current is 
measured between CE and WE that are connected in series. The CE is usually 
consisting of a non-consumable metal (e.g. Pt) and has a larger surface area as the 
WE in order to balance all currents of the latter. The WE is the electrode of 
interest, which is investigated. 
 
1.5 Electrochemical quartz chrystal microbalance 
 
The electrochemical quartz crystal micro balance (EQCM) is an in-situ method 
to obtain additive information in an electrochemical experiment [40]. This device 
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Cyclic voltammetry 
 
A very common technique to 
investigate kinetics and mechanisms 
of electrochemical reactions is cyclic 
voltammetry (CV) that belongs to the 
so-called potential sweep methods. 
This method screens through a desired 
potential range recording all occurring 
currents in one sweep and collects 
information of possible reversal 
reactions in the consequent. The 
voltage program for such a method is depicted in Fig. 8, exhibiting the 
experimental parameters E0, Emax, Emin, v and nc. E0 represents the starting point 
for the potential sweep. Emax and Emin are limiting potentials for the polarization of 
the electrode. The slope of the 
function is the sweeprate v that 
determines the velocity of the 
potential change.  
The shape of the potential function 
shows two distinct parts. Sections 
with a positive slope will polarize the 
electrode positively while the 
electrode is polarised negatively at 
negative sweep rates.  
The shape of the response function of an electro-active species (Fig. 7) is 
different to those of voltage step experiments. In the anodic scan (the potential is 
swept positively) only linear capacitive currents can be seen until a rapidly raising 
current caused by a faradic reaction is appearing. This current wave has a peaked 
form, because of depletion effects of the electro-active species (compare section 
Fig. 7: schematic representation of the CV 
 response function of a reversible reaction 
Fig. 8: voltage program for a CV experiment 
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In certain potential ranges, electrodes do not exhibit any faradic currents and 
are polarisable. This range is mainly dependent on the electrode material, the 
supportive electrolyte, and the solvent, hence reaction currents will be only 
observed by additional electrochemical active substance of interest. The behaviour 
of faradic currents in voltammetric step experiments is described by the Cottrell 
equation10 (Eq. 13). 
 
2/12/1
*2/1
)(
t
CnFDti OOπ=  
Eq. 13: Cotrell equation 
 
The current is correlated by Eq. 11 and Eq. 12 to the concentration of a species 
that can be reduced (or oxidized) at the applied potential and will therefore be 
depleted in vicinity to the surface. After a certain time, the current becomes 
constant, as each particle that is transported by diffusion to the surface will be 
reduced immediately. The thickness δN of this depletion layer can be described by 
the model of the Nernst Diffusion Layer (Eq. 14) for a certain current. 
 
S
N
c c
nFDi δ=  
Eq. 14: Nernst Diffusion Layer 
  
Important experiments where these effects play a major role are 
chronoamperimetric experiments, where a potential step is initiated, and the 
current is recorded as a function of time. 
 
                                                 
10 Derived for diffusion controlled reactions on disc electrodes 
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1 of this effect is connected (RC)-1. The variable R represents the electrolytic 
resistance and C the Capacitors constant of the electrochemical double layer. 
 
⎟⎟⎠
⎞
⎜⎜⎝
⎛ −= −τ
t
eUtU 1)( 0  
Eq. 9: Charging of a Capacitance  
U vs. t 
 
⎟⎟⎠
⎞
⎜⎜⎝
⎛= −τ
t
eItI 0)(  
Eq. 10: Charging of a Capacitance  
I vs. t 
 
The second kind of current that can be measured in an electrochemical 
experiment is faradic current. This is detected when a charge transfer reaction is 
involved and is derived from Faraday’s law (Eq. 11) by Eq. 12, which is the basic 
relationship for the calculation of electrochemical converted species.  
 
M
FzmQ ⋅⋅=  
Eq. 11: Faraday’s Law 
 
∫ ⋅= dttIQ )(  
Eq. 12: Charge-current relationship 
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vcN kkC
r=,ˆ  
Eq. 7: Description of convection 
 
The sum of these three mechanisms (Eq. 8) is acting on the mass transport of 
electro-active species and has to be taken into count. Therefore, the experimental 
situation is simplified by avoiding the movement of the liquid, thus avoiding 
Convection and the addition of high concentration of a non-reactive salt in order 
to reduce Migration. This situation is called diffusion-controlled condition. 
 
UFcuzvccDN kkkkkkk ∇−+∇−=
rrrr  
Eq. 8: Description of all possible effects 
 
1.4.4 Voltammetry 
 
In voltammetric experiments, the 
electrode potential is shifted by an 
external electric force (voltage) from 
its equilibrium potential and is then 
called overpotential η. This change is 
accompanied by a detectable current 
of two different kinds. Capacitive 
currents are caused by the 
rearrangements of ions in the 
electrochemical double layer (vide 
supra) and are always present. These 
behave analogue to a capacitor that is charged by an external voltage U0 
(respectively a current I0), and reaches therefore a constant potential (Fig. 6, blue 
curve) in a certain time t, while current is dropping to zero (red curve). The rate τ--
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Fig. 6: Charging behaviour of a capacitor.  
Blue curve: Potential; Red curve: Current.  
RE =10 Ω; CD =25 μF; U0 =1 V; I0 =1 A 
Introduction 
 
 
___________________________________________________________________________________________________ 
___________________________________________________________________________________________________ 
 
- 12 - 
 
H2O2 ↔ H+ + HO2- 
Eq. 4: Hydrogen peroxide dissociation 
 
This reaction raises the pH locally at the electrode surface and can therefore 
disturb the experiment. Therefore, electrolytic solutions have to be deoxygenated 
by purging with inert gases (e.g. Ar, N2). 
A faradic process is characterized by a charge transfer from an electro-active 
species to the electrode or vice versa. Therefore, the transport (respectively mass 
flow NX,k) of this species k to the surface is necessary during the process. In the 
simplest case, this is caused by the concentration gradient of the species. This 
mechanism is called Diffusion. It acts in direction of a uniform distribution of the 
species and is described by Fick’s first law (Eq. 5).  
 
 kkkD cDN ∇−=
r
,
ˆ  
Eq. 5: Fick’s 1st Law 
 
A second effect, Electro migration (Eq. 6), comes into play if strong external 
electric fields are applied as e.g. in electrophoresis techniques, where ions interact 
with the field U. 
Finally, Convection (Eq. 7) that is dependant on the bulk concentration and the 
bulk velocity affects mass transport in stirred and flowing fluids.  
 
UFcuzN kkkkM ∇−=
r
,
ˆ  
Eq. 6: Description of electro migration 
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which is dependent on the surface tension. These so-called electro capillary curves 
exhibit a maximum, which is called the point of zero charge (PZC)8. This 
extraordinary point represents the potential at which the surface charge is zero σ M, 
hence the electrochemical double layer consists of ion pairs. 
The best theoretical model, which describes the properties of the double layer, 
is the Gouy – Chapman model, which was derived from statistic mechanics and 
was modified by Stern. It describes the potential profile of the double layer. 
 
1.4.3 Considerations 
 
In general experiments are designed for certain conditions to increase signal to 
noise ratios (S/N) and to avoid environmental effects as good as possible. 
Solvated oxygen gas, in the electrolyte, can be a major problem. The components 
may be sensitive to it, or oxygen is reduced and is superimposed on the current 
wave. This reaction is called cathodic oxygen reaction9 and forms hydrogen 
peroxide as relatively stable intermediate (Eq. 3). [37] 
 
O2 + 2H+ 2e- ↔ H2O2 
Eq. 3: cathodic oxygen reduction 
 
However, in alkaline solutions the dissociation of the acidic intermediate is 
possible (Eq. 4). In addition, some metals exhibit catalytic properties accelerating 
the reaction too. 
 
                                                 
8 Also known as potential of zero charge 
9 Another name is: oxygen ionization reaction 
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that of a capacitor Cdl, which is formed by several different layers. The first one, 
which is in direct contact with the electrode, is called the Helmholtz layer7. It 
contains solvent molecules, ions and in some cases other molecules. It is divided 
into the inner Helmholtz plane (IHP), with a charge density σ i where specifically 
adsorbed ions have the centre of their locus and the outer Helmholtz plane (OHP) 
where solvated ions contact the metal surface by their solvation shells. The latter 
are called nonspecific adsorbed ions, as they are solely electrostatically attached 
to the surface (e.g. alkali metal ions). In contrast, specifically adsorbed ions strip a 
part of their hydration shell before adsorbing, form a chemical bond to the surface 
by a charge transfer reaction, and, exhibit therefore a stronger attachment to the 
surface. Since nonspecific adsorbed ions are only weakly bonded to the surface 
they are distributed over a layer that extends into the solution, until the 
concentration gradient reaches the bulk concentration. This region is called the 
Diffuse layer (charge density σ d) and is mainly dependant on the ionic 
concentrations of all ions in the solution. At usual ionic concentration (100 mM) 
the Diffuse layer extends to 10 nm [37], but grows for dilute electrolytes. The total 
charge density of the Helmholtz and the Diffuse layer (σ i and σ d respectively) add 
up to the excess charge density of the solution side of the electrochemical double 
layer σ S (Eq. 2). [38]  
 
MdiS −=+= σσσσ  
Eq. 2: Charge Density of the electrochemical double layer 
 
Changing the potential causes a change in the surface charge of the electrode, 
which is then compensated by the double layer. Therefore, the ionic composition 
within the double layer is modified, from a cationic excess at negative surface 
charge to an anionic excess at positive charge, with the electrode potential. For 
mercury electrodes, it was shown that these effects are coupled to the drop time, 
                                                 
7 Other names are compact or Stern layer 
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The solution has to consist of: 
• Conducting salt  
• Buffer  
• Crystallisation additives (optional) 
 
Electrochemical investigations have proposed to use [35] 
• NaClO4 100 mM 
• H3BO3 1 mM (pKa= 9.4) [36] 
• Ca(ClO4)2 10 mM 
• NaOH (for pH adjustment) 
• pH= 9 
 
1.4.2 Electrochemical double layer 
 
A very important electrochemical concept for the understanding of interfacial 
process at an electrode surface is the model of the electrochemical double layer. 
An electrical conductor (or semiconductor) 
that exhibits a charge excess at its surface and is 
in contact with an electrolyte will attract 
charged ions. Migration6 of these ions causes a 
concentration gradient near the interface and 
will neutralise the excess charge in the 
interfacial layer. A reasonable physical model is 
                                                 
6 Migration: movement of charged particles in an electrical field 
Fig. 5: Equivalent circuit for a 
system without Warburg 
impedance 
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S-layer proteins can be used to functionalise a solid support (vide supra) in a 
way to gain a highly determined surface pattern. To achieve this target and look 
forward to technological improvements based on self-assembly systems, the 
parameters of the assembly and crystallisation have to be studied carefully by 
electrochemical techniques. 
 
1.4.1 Electrolyte 
 
In general, bio technological buffer solutions must mimic the native conditions 
and fulfil the technical demands for the experiments. The solution is responsible 
for the stability of the sub and larger units. Therefore, the base of the solution has 
to be water, because proteins are in general highly charged and need hydrogen 
bonds to stabilize their shape and increase their solubility by saturating their 
charged groups. Otherwise, they would fold in an improper way and precipitate 
with the consequence, that they loose their specific properties. Ionic species in the 
solution are also necessary for the shape of the proteins and a proper folding and 
as in the case of S-layers, they may be necessary for their lateral linkage. 
A critical parameter is the pH of the solution, as usually proteins consist of 
hydrophilic side groups, which need to be ionized for their charged character the 
proton concentration has to be adjusted with caution, although S-layers have the 
property of being quite resistant as crystalline array they are weak as monomers. 
Therefore, it is necessary to ensure that the pH remains constant during 
manipulations and stabilized while stored by the use of a pH buffer, which does 
not react with any part of the system and remains stable during the experiment. 
A further condition for measuring electrochemically under diffusion control 
(vide infra) is to ensure a relatively high salt concentration, of a species with high 
ion mobility. The latter should be stable in a large potential range and not react 
with the electrode surface. 
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reassembly mechanism. Crystallisation takes preferred place if subunits or patches 
can attach with their neutral face to the layer and expose their charged face to the 
polar buffer solution. [15, 20] However, in some exceptional cases S-layers are 
also able to build up large mono-crystalline arrays on a hydrophilic substrate too. 
S-layers from Lysinibacillus sphaericus CCM21775 are reported to reassembly on 
silicon wavers in two different ways. SPM experiments on oxygen plasma etched 
silicon (hydrophilic) revealed a reassembly product with less then the double of 
the height of a monolayer (Fig.4), while the product on the hydrophobic support 
showed monolayer characteristics. [15] Further investigation showed that the 
attachment on both hydrophobic and hydrophilic substrates could be weakened by 
repulsive forces that come from sterical interactions, which are caused by the 
presence of macromolecules that can by found in the crystalline array. 
Moreover, reassembly studies on electrified gold electrodes revealed different 
mechanisms of adsorption on the same surface material, but at different potentials. 
[21] 
The highly anisotropic periodic structure and the density of functional groups 
led to a couple of research topics in biotechnology [6, 22-30], biomineralization 
[31], bio sensorics [32, 33] , and bottom-up nanostructuring technologies [34]. 
Self-assembly in combination with electrochemical surface control could be a key 
property that makes this system attractive for applications concerning the 
fabrication of nano-scale materials. 
 
1.4 Electrochemistry 
 
The field of electrochemistry is very broad and complex and therefore this 
section will give only a short review on relevant topics for the present work. 
                                                 
5 Lysinibacillus sphaericus CCM2177 is entitled as Bacillus sphaericus CCM 2177 in antecedent 
literature.  
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Reassembly 
 
The reversibility of the disintegration process (vide supra) to reassemble is 
achieved simply by reducing the concentration of the chaotropic agent. After 
dilution of the base-solution the reassembly proceeds spontaneously (self-
assembly) in forms of flat sheets, open end cylinders or closed vesicles. [1] This 
variety of forms is depending on the particular type of S-layer protein species and 
on environmental parameters. The reason for the self-assembly process is the high 
affinity of the subunits that is driven by many weak interactions [11] in a 
supramolecular way. These forces are much stronger than attaching the S-layer to 
the lipid membrane giving the S-layer a two-dimensional crystalline character. 
Film-formation starts with a rapid nucleation of subunits into small patches, and 
leads to a much slower linkage to a larger usually closed film in approximately 
one hour. [12] The properties of this crystallisation process are mainly dependant 
on the tertiary structure of the proteins (consequently on the sequence of the 
amino acids). [13] The formation of double layers, where two monolayers are 
facing each other, is also observed and often 
stabilized by divalent cations. [14, 15] 
4The reassembly product is in general a dense 
two-dimensional monolayer, which can be 
formed in suspension [11], at liquid air 
interface [16, 17], at floating lipid monolayers 
[16, 18], on liposomes [19] and at solid 
surfaces(Fig. 3). [15, 20, 21] 
From a technological point of view, the most 
interesting interface for S-layer investigations is 
the solid-liquid interface. Several studies on 
different supports showed that a hydrophobic character is a key feature for the 
                                                 
4 * Fig.4 from: [15] E.S. Gyorvary, O. Stein, D. Pum, U.B. Sleytr, J Microsc-Oxford, 212 (2003) 
300-306.© [2003] Wiley VCH 
Fig. 4: SPM micrograph 
 showing a monolayer on Si after 
 digital image processing [15] * 
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different types of interfaces. The outer surface, related to the bacteria, is normally 
less corrugated and more hydrophobic (due neutralization by equivalent quantities 
of carboxyl and amine groups) and the inner side, which is in general negatively 
charged. [1, 7] 
This inner face habits the N-terminal end of the peptide sequence and is 
exclusively responsible for the attachment to the cell wall, which can be through a 
bond to a secondary cell wall protein (SWCP). [8, 9] However, this part of the 
protein is not involved in the self-assembly process and folds independently of the 
rest of the sequence. [1, 10] 
 
1.3.1 Extraction 
 
S –layer proteins can be removed from their 
parental biological organism by mechanical 
destruction of the cells and a subsequent 
differential centrifugation. The so released layer 
fragments are finally disintegrated to their 
subunits by high concentrations of chaotropic 
agents3 (e.g. urea or guanidine hydrochloride), 
metal - chelating agents or a change of pH in 
both directions. [1] The base-solution of 
subunits has usually a concentration of 1 molL-1 
                                                 
3  Chaotropic agents are salts, that disrupt the three dimensional structure of macromolecules by a 
weakening of  their shape responsible forces (Hydrogen bonds, Van der Waals or London 
interactions) 
* Fig. 3 from: [1] U.B. Sleytr, B. Schuster, D. Pum, Ieee Engineering in Medicine and Biology 
Magazine, 22 (2003) 140-150. © [2003] IEEE 
Fig. 3: Schematic representation 
of possible surfaces for S-layer 
self-assembly [1] * 
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Fig. 1: freeze-etched preparation 
of a bacteria, the S-layer is readily  
viewable; bar= 100 nm [1] * 
Fig. 2: Schematic representation 
 of different lattice types of 
 S-layers [3] * 
The focus of this work was to characterise such a system that is already used 
for technological applications and is promising to improve further. 
 
1.3 S-layer proteins 
 
Proteins are part of every biological 
organism, and are compounds with definite 
properties to take care of all tasks that are 
needed for the survival of its producer. They are 
expressed from the DNA (more correct by the t-
RNA), that has been optimized during billions 
of years of biological evolution. 
A technological interesting protein is the so-
called Surface layer protein (S-layer) that can 
be found on many bacteria cell surfaces  
(Fig. 12). [1] This S-layer represents the 
simplest membrane [2] that consists solely of 
one kind of protein or glycoprotein that forms 
in repetitive way by, self assembly, the outmost 
bacteria boundary. This assembled film is a 
closed but highly porous monolayer. Dependent 
on the type of protein, a unit cell (unit) of 
different lattice types (Fig. 2) can be built up by 
one or more monomer units (subunit). The 
periodicities of such cells vary from 
approximately 2.5 – 35 nm and are usually 5 –
 20 nm thick. [3-6] The S-layer exhibits two 
                                                 
2  * Fig.1 and 2 from: [1] U.B. Sleytr, B. Schuster, D. Pum, Ieee Engineering in Medicine and 
Biology Magazine, 22 (2003) 140-150. © [2003] IEEE  
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are so-called “Top Down” processes, since they were developed out of large-scale 
methods that were continuously enhanced to lower scales. 
Technological interest of the past years focused on the increase of functionality 
of high-tech devices and their decrease in size. This trend was firstly recognized 
in the field of semiconductors, where the quantity of transistors on 
microprocessors had to be increased in order to enhance the device-density on a 
chip. The key technology for this task was photolithography, which is in general1 
confined by the diffraction limit of light (Eq. 1). Therefore, improvements had 
been done by decreasing the wavelength λ of the light used. The optical resolution 
d represents theoretically, the minimal size of producible structures using 
electromagnetic waves. 
 
α
λ
sin2n
d =  
Eq. 1: Diffraction limit of light 
 
However, another limitation in lithography is that resists and initiators have to 
be chosen for the appropriate wavelength and usually damages or modifications 
(e.g. defect formation) of the substrate should t be avoided.  
The reason for the popularity of lithographic techniques is their ability to 
produce periodic structures on a large scale within a single step by light exposure 
through a lithographic mask. 
Hence, new approaches have to bypass the limitations and to produce periodic 
structures in an appropriate quantity. These new approaches come mainly from 
physics, chemistry, and biological researches that usually deal with functional 
molecules or other specific objects of the nano-scale and are so-called “Bottom-
up” techniques.  
                                                 
1 There exists a bunch of techniques that allow a higher resolution, but only on a laboratory scale. 
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a pKa of 9.4. However, literature on the electrochemical behaviour of the borate 
anion is scarce on gold and its behaviour has to be elucidated. 
In order, make technological use of S-layers on metal surfaces the adsorption 
behaviour and the binding properties have to be elucidated. For kinetic studies, the 
in-situ electrochemical quartz microbalance (EQCM) provides useful information. 
However, this technique delivers only an integral signal of adsorption processes. 
For the determination of molecular and topographical information, 
complementary techniques have to be used. The atomic force microscope (AFM) 
is the suitable instrument for the determination of the shape and the mechanical 
properties of the protein layer. However, for the elucidation of the dynamics in the 
adsorption process itself the instrument has to be modified to an in-situ 
electrochemical AFM equipped with a suitable electrochemical cell for this 
experiment. In order to gain information on a molecular level the in-situ 
electrochemical Fourier-transform infrared (FTIR) spectrometry has to be used in 
a reflection adsorption (RAS) setup. This instrument is not commercially 
available. Therefore, modifications on a commercial FTIR spectrometer have to 
be made. 
This work should clarify the mechanism of S-layer adsorption on the electrified 
gold surface and the influence of the electrochemical double layer on the kinetics. 
The behaviour of adsorbed layers on changes in the electrochemical potential is 
also to be clarified in order to gain information on the stability for further 
electrochemical surface modifications, e.g., metal deposition. Influences of the 
lateral cross-linker calcium have to be also investigated. 
 
1.2 Motivation 
 
Innovations in the industrially oriented research fields are driven since the 
seventies by miniaturisation. Especially in electronics, improvements have been 
made by the introduction of lithographic and etching techniques. These methods 
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1 Introduction 
 
1.1 Scientific challenge 
 
Surface layers (S-layers) are bacterial membrane proteins that can form two-
dimensional crystalline films on solid substrates. This crystalline layer exhibits a 
high porosity leading to lithographic properties and a high density of functional 
groups, which is anisotropic. This means that the film exhibits different amounts 
of carboxyl- and amino groups at each face allowing a variety of possibilities to 
control the final surface functionality. Therefore, these layers are an object of 
interest for fundamental adsorption studies on a rather simple biological 
membrane and, a complex self-assembly system, compared to traditional thiol-
based self-assembled monolayers. From a technological point of view, 
applications in biotechnology, biosensorics, and bottom-up nanostructuring 
technologies were already developed. 
The use of these layers in combination with the applicability of electrochemical 
techniques was the next step. For this reason, fundamental questions on the 
behaviour of the single proteins, the formed layer, and electrodes have to be 
studied. The electrolytic solution that differs normally from usual biological 
solutions has to be chosen and characterized electrochemically in terms of 
stability and adsorption properties. A well-known problem is that, e.g., chloride, a 
very popular ionic component in biological solutions, binds to gold, which is even 
dissolved at elevated anodic potentials. Perchlorate, a weakly adsorbing anion was 
introduced as base electrolyte. 
Standard biological pH buffer system in the alkaline regime, e.g., TRIS, are not 
stable in broad potential regions and their reduction or oxidation products may 
precipitate and block surface sides. Therefore, boric acid was chosen as it exhibits 
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Preface 
 
This work covers an interdisciplinary topic comprising a biological system that 
was mainly studied by so-called in situ techniques. These powerful setups allow 
the data collection from different methods, i.e., infrared spectra and current 
responses, delivering different information from a single experiment. However, 
such setups are rarely commercially available and have to be assembled from state 
of the art instruments.  
The present work may not only be of interest for physical chemists, but also for 
biologists, physicists and, engineers. Readers may not be familiar with the 
presented concepts and it is the privilege of a thesis to cover them. 
The introduction covers information on the S-layer proteins, electrochemical 
and, spectroscopic concepts. 
The experimental chapter describes the preparation of electrodes, and devices 
mainly built in our workshop. Especially, the chapter covering the in situ 
techniques are treated in a detailed way and contains explanations why, these 
particular experimental concepts were chosen. For a better visualization of the 
assembled devices, photographs are attached to Appendix B. Moreover, custom-
made control and data collecting programs for the particular instruments are 
described in Appendix A. This chapter comprise their design and usage in form of 
a manual leaving the possibility to enhance their efficiency by prospective users. 
The research results are presented in form of paper manuscripts and are 
summarized in the last regular chapters. The first paper, electrochemical control 
of adsorption dynamics of surface layer proteins on gold, comprises also data 
from my diploma thesis. It is taken into this work, because the interpretation of 
this early results leading to the publication was developed during my doctoral 
work and was supported by the other works. 
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von Proteinen wieder von der Oberfläche verdrängt werden. Die Kinetik dieser 
Selbstorganisation ist in empfindlicher Weise vom elektrochemischen Potential 
abhängig. In der Potentialregion, in welcher Goldoxid an der Oberfläche auftritt, 
sind diese Proteine instabil und denaturieren. Die stabilisierende Wirkung des 
Calciums, des lateralen Vernetzers der S-layers, wurde durch in situ FT-IRRAS 
bestätigt. Außerdem konnte gezeigt werden, dass eine frühzeitige Zugabe von 
Calcium eine Vorvernetzung in Lösung bewirkt, und die Adsorptionskinetik der 
Bildung der Monoschicht verzögert wird. 
 
 
 
 
___________________________________________________________________________________________________ 
___________________________________________________________________________________________________ 
 
IV 
 
Zusammenfassung 
 
Surface layers (S-layers) sind bakterielle Membranproteine, die 
zweidimensional-kristalline Schichten auf festen Substraten bilden können. In der 
Biotechnologie, Biomineralisation, Biosensorik und Bottom-up 
Nanostrukturierung sind solche Schichten von grundlegendem und 
technologischem Interesse. Erste elektrochemische Messungen mit der in situ 
Quarzmikrowaage, ex situ SPM- und XPS-Messungen zeigten, dass die Dynamik 
der Selbstorganisation und der Adsorption dieser Proteinmoleküle sehr stark von 
der Struktur der elektrochemischen Doppelschicht abhängt. Im Rahmen dieser 
Arbeit wurde das Verhalten von S-layer Proteinen des Lysinibacillus sphaericus 
CCM2177 und der Kristallisations-Lösung auf Gold Elektroden untersucht.  
Die Untersuchung wurde mit Hilfe der in situ elektrochemischen 
Quarzmikrowaage (EQMB), der in situ Fourier-Transform Infrarot Reflexions-
Absorptions-Spektroskopie (FT-IRRAS) und der in situ sowie ex situ 
Rasterkraftmikroskopie (SFM) durchgeführt. Es wurde festgestellt, dass bei hohen 
Konzentrationen des pH Puffers Borat (>25mM) Polyborationen vorliegen, die 
auf eine Goldoberfläche adsorbieren können. Im Falle einer hohen Konzentration 
an Perchlorat und einer niedrigen Konzentration an Borat wurde die Adsorption 
des pH Puffers nicht beobachtet. 
Die Aufladung der elektrochemischen Doppelschicht kontrolliert in 
Kombination mit den Adsorptionseigenschaften der verschiedenen 
Lösungskomponenten die Kristallisationskinetik der S-layer Proteine. Negativ des 
Nulladungspotentials (pzc) ist die Elektrodenoberfläche negativ geladen wobei die 
Gegenladung durch Kationen gebildet wird. EQMB Ergebnisse zeigen, dass 
Proteine in mehrschichtigen Inselstrukturen auf einer solchen Oberfläche 
adsorbieren. 
In der positiven Doppelschichtregion (positiv des pzc) adsorbieren schwach 
gebunden Anionen (Perchlorat), die unter Bildung einer kristallinen Monoschicht 
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In the gold oxide potential region the adsorbed protein is unstable and 
denaturizes. 
The stabilizing effect of calcium, the lateral cross-linker on the S-layer, was 
confirmed by in situ FT-IRRAS. 
Further, it is shown that a prior addition of calcium causes a preassembly in 
solution and retards the adsorption kinetics of the monolayer formation. 
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II 
 
Abstract 
 
Surface layers (S-layers) are bacterial membrane proteins that can form two-
dimensional crystalline films on solid substrates. These layers are of fundamental 
and technological interest in biotechnology, biomineralization, biosensorics, and 
bottom-up nanostructuring technologies. First electrochemical in situ quartz 
microbalance measurements and ex situ SPM and XPS measurements showed that 
self-assembly dynamics and surface bonding of the protein molecules depend 
strongly on the structure of the electrochemical double layer. 
In this work, the behaviour of S-layer proteins of Lysinibacillus sphaericus 
CCM2177 and of the crystallisation buffer was studied on gold electrodes. The 
investigation was performed using in situ electrochemical quartz microbalance 
(EQMB), in situ Fourier Transform Infrared Reflection-Absorption-Spectroscopy 
(FT-IRRAS) as well as in situ and ex situ Scanning Force Microscopy (SFM). 
At high concentrations (> 25mM) the pH buffer borate was found to adsorb 
strongly to the gold surface in form of a polyborate ion. In case of a high 
perchlorate and a low borate concentration, the adsorption of the pH buffer was 
not observed. 
The crystallization kinetics of the S-layer proteins is controlled by the charging 
of the electrochemical double layer and various adsorption behaviours of buffer 
components. Negative of the potential of zero charge (pzc) the electrode surface is 
polarized negatively and cations balance the surface charge. EQMB results show 
that proteins assemble in multilayer island structures on such a surface. 
In the positive double layer region, positive of the pzc, weakly adsorbed anions 
(perchlorate) are displaced and the formation of a crystalline protein monolayer 
can be observed. The kinetics of this self-assembly is sensitively dependent on the 
electrochemical potential. 
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